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Abstract 
Faithful duplication and segregation of undamaged DNA is critical to the survival of all 
organisms and prevention of oncogenesis in multicellular organisms. To ensure 
inheritance of intact DNA, cells rely on checkpoints. Checkpoints alter cellular processes 
in the presence of DNA damage preventing cell cycle transitions until replication is 
completed or DNA damage is repaired. 
Several checkpoints are specific to S-phase. The S-M replication checkpoint prevents 
mitosis in the presence of unreplicated DNA. Rather than outright halting replication, the 
S-phase DNA damage checkpoint slows replication in response to DNA damage.  This 
checkpoint utilizes two general mechanisms to slow replication. First, this checkpoint 
prevents origin firing thus limiting the number of replication forks traversing the genome 
in the presence of damaged DNA. Second, this checkpoint slows the progression of the 
replication forks.  Inhibition of origin firing in response to DNA damage is well 
established, however when this thesis work began, slowing of replication fork 
progression was controversial. 
Fission yeast slow replication in response to DNA damage utilizing an evolutionarily 
conserved kinase cascade. Slowing requires the checkpoint kinases Rad3 (hATR) and 
Cds1 (hChk2) as well as additional checkpoint components, the Rad9-Rad1-Hus1 
complex and the Mre11-Rad50-Nbs1 (MRN) recombinational repair complex. The exact 
role MRN serves to slow replication is obscure due to its many roles in DNA metabolism 
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and checkpoint response to damage. However, fission yeast MRN mutants display 
defects in recombination in yeast and, upon beginning this project, were described in 
vertebrates to display S-phase DNA damage checkpoint defects independent of origin 
firing. 
Due to these observations, I initially hypothesized that recombination was required for 
replication slowing.  However, two observations forced a paradigm shift in how I thought 
replication slowing to occur and how replication fork metabolism was altered in response 
to DNA damage.  We found rhp51∆ mutants (mutant for the central mitotic recombinase 
similar to Rad51 and RecA) to slow well. We observed that the RecQ helicase Rqh1, 
implicated in negatively regulating recombination, was required for slowing.  Therefore, 
deregulated recombination appeared to actually be responsible for slowing failures 
exhibited by the rqh1∆ recombination regulator mutant. Thereafter, I began a search for 
additional regulators required for slowing and developed the epistasis grouping described 
in Chapters II and V. 
We found a wide variety of mutants which either completely or partially failed to slow 
replication in response to DNA damage. The three members of the MRN complex, 
nbs1∆, rad32∆ and rad50∆ displayed a partial defect in slowing, as did the helicase 
rqh1∆ and Rhp51-mediator sfr1∆ mutants. We found the mus81∆ and eme1∆ 
endonuclease complex and the smc6-x hypomorph to completely fail to slow. 
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We were able to identify at least three epistasis groups due to genetic interaction between 
these mutants and recombinase mutants. Interestingly, not all mutants’ phenotypes were 
suppressed by abrogation of recombination. As introduced in Chapters II, III and IV 
checkpoint kinase cds1∆, mus81∆ endonuclease, and smc6-x mutant slowing defects were 
not suppressed by abrogation of recombination, while the sfr1∆, rqh1∆, rad2∆ and nbs1∆ 
mutant slowing defects were. 
Additionally, data shows replication slowing in fission yeast is primarily due to proteins 
acting locally at sites of DNA damage.  We show that replication slowing is lesion 
density-dependent, prevention of origin firing representing a global response to insult 
contributes little to slowing, and constitutive checkpoint activation is not sufficient to 
induce DNA damage-independent slowing. 
Collectively, our data strongly suggest that slowing of replication in response to DNA 
damage in fission yeast is due to the slowing of replication forks traversing damaged 
template.  We show slowing must be primarily a local response to checkpoint activation 
and all mutants found to fail to slow are implicated in replication fork metabolism, and 
recombination is responsible for some mutant slowing defects. 
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Chapter I.  Regulation of DNA Replication by the S-phase DNA Damage 
Checkpoint 
  
2 
Abstract 
Cells slow replication in response to DNA damage.  This slowing was the first DNA 
damage checkpoint response discovered and its study led to the discovery of the central 
checkpoint kinase, Ataxia Telangiectasia mutated (ATM).  Nonetheless, the manner by 
which the S-phase DNA damage checkpoint slows replication is still unclear.  The 
checkpoint could slow bulk replication by inhibiting replication origin firing or slowing 
replication fork progression, and both mechanisms appear to be used.  However, assays in 
various systems using different DNA damaging agents have produced conflicting results 
as to the relative importance of the two mechanisms.  Furthermore, although progress has 
been made in elucidating the mechanism of origin regulation in vertebrates, the 
mechanism by which forks are slowed remains unknown.  We review both past and 
present efforts towards determining how cells slow replication in response to damage and 
try to resolve apparent conflicts and discrepancies within the field.  We propose that 
inhibition of origin firing is a global checkpoint mechanism that reduces overall DNA 
synthesis whenever the checkpoint is activated, whereas slowing of fork progression 
reflects a local checkpoint mechanism that only affects replisomes as they encounter 
DNA damage and therefore only affects overall replication rates in cases of high lesion 
density. 
  
3 
Introduction 
DNA damage is a constant problem cells must deal with to maintain viability.  Proper 
duplication and segregation of undamaged genetic material to daughter cells is essential 
for survival.  DNA damage may come from endogenous sources including reactive 
oxygen species produced by cellular metabolism, spontaneous depurination of DNA and 
replication fork collapse at various replication fork barriers, or from exogenous sources 
including ionizing and ultraviolet radiation.  Failure to alter DNA metabolism to properly 
respond to damaged DNA can lead to genetic instability, resulting in cell death and, in 
multicellular organisms, oncogenesis (Kastan and Bartek, 2004). 
To ensure each daughter cell receives a full complement of undamaged DNA, cells have 
evolved checkpoints.  These checkpoints are surveillance mechanisms employed by the 
cell to detect and respond to DNA damage.  They halt the cell cycle, allowing time to 
repair DNA damage before the crucial process of DNA replication and chromosomal 
segregation (Hartwell and Weinert, 1989; Kastan and Bartek, 2004).  Checkpoint 
deficiency leads to genomic instability as a result of failure to properly replicate, repair, 
or segregate damaged DNA. 
The Checkpoint Signaling Cascade 
Checkpoint kinases and additional components are evolutionarily conserved in 
eukaryotes from yeast to vertebrates (Melo and Toczyski, 2002). Checkpoint components 
are divided into four groups. Sensor checkpoint kinases recognize and are directly 
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activated by DNA damage. Transducer checkpoint kinases are phosphorylated and 
activated by the sensor kinases. This kinase cascade requires the presence of various 
adapters allowing sensor-transducer kinase interaction. Downstream effectors are 
regulated by checkpoint kinases and directly modulate cell cycle response to DNA 
damage. Downstream effecter protein function is extremely diverse, acting to halt the cell 
cycle, alter replication and effect repair.  See Table 1.1 for a list of components discussed 
and Figure 1.1 describing the checkpoint cascade specifically for fission yeast. 
The checkpoint signaling cascade is initiated by the action of the sensor checkpoint 
kinases, which, along with several accessory complexes, serve to recognize and are 
activated by DNA damage. In metazoans, it is well established that the sensor checkpoint 
kinases ATM and ATR initiate response to DNA damage (Abraham, 2001). ATM and 
ATR are activated and respond to different DNA damaging agents, ATM by DSBs and 
ATR by DNA damage typically thought to perturb replication fork progression and 
produce excessive ssDNA such as UV, HU and MMS (Cliby et al., 1998; Abraham, 
2001; Lupardus et al., 2002; Zou and Elledge, 2003).  A different situation exists for 
budding and fission yeasts. In contrast to metazoans, the budding yeast ATR homologue 
Mec1 and fission yeast Rad3 serve as the primary kinases responding to most insults and 
DNA damage. The yeasts’ ATM homologue, Tel1, serves a lesser role in both organisms 
(Morrow et al., 1995; Paulovich and Hartwell, 1995; Bentley et al., 1996; Nakada et al., 
2003; Zhao et al., 2003). 
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Figure 1.1.  The Fission Yeast Checkpoint Cascade 
In response to DNA damage, the central sensor kinase Rad3 (hATR) is activated. Rad3 
activation requires additional accessory factors including members of the Rad9-Rad1-
Hus1 (9-1-1) complex, the replication clamp Rfc2-5 and Rad17 clamp loader, and 
cofactor Rad26 (hATRIP). The Mre11-Rad50-Nbs1 (MRN) recombinational complex is 
required for robust checkpoint signaling in response to some S phase insults and therefore 
placed upstream in this pathway. Tel1 (hATM) plays a very limited role in fission yeast 
checkpoint response to double-stranded breaks.  Rad3 phophorylates and activates one of 
two transducer checkpoint kinases, Cds1 (Chk2) or Chk1 in a cell cycle dependent 
manner. For the S-M replication and G2 DNA damage checkpoints, both of these kinases 
regulate the Mik1 kinase and Cdc25 phosphatase activities limiting Cdc2 
dephosphorylation, ultimately preventing entrance into mitosis. For slowing of 
replication in response to damage by the S-phase DNA damage checkpoint, additional 
downstream effectors are required including the MRN recombinational repair complex,  
Rad2 flap endonuclease, Sfr1 Rhp51-mediator, Smc6 cohesin, Mus81 endonuclease and 
the Rqh1 helicase.  Solid lines indicate genetic relationship while dashed lines indicate 
biochemical relationship. 
  
6 
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Additional accessory factors are required for sensor checkpoint kinase response in 
vertebrates and yeast. In higher eukaryotes, the Mre11-Rad50-Nbs1 (MRN) 
recombinational repair complex is required for strong activation of ATM by IR but not 
for ATR in response to UV (Lee and Paull, 2004; Jazayeri et al., 2006). In both yeasts, 
the MRN complex serves to stabilize telomeres in a pathway along with Tel1 (Matsuura 
et al., 1999; Ritchie and Petes, 2000). In budding yeast, MRN acts in checkpoint response 
to DSBs (Grenon et al., 2001; Andrews and Clarke, 2005). In fission yeast MRN is 
required only for strong S-phase DNA damage checkpoint response (Chahwan et al., 
2003; Willis and Rhind, submitted).  
ATM and ATR readily associate with sites of DNA damage and require additional 
accessory factors to initiate checkpoint signaling. These factors include the Rad9-Rad1-
Hus1 complex (Bao et al., 2004) (Du et al., 2003), the replication clamp loader 
Rad17/Rad24 and replication clamp Rfc2-5, and ATR binding protein ATRIP, budding 
yeast Ddc2 and fission yeast Rad26 respectively (Edwards et al., 1999; Paciotti et al., 
2000; Abraham, 2001). 
Upon activation, ATM and ATR phosphorylate and activate the checkpoint transducer 
kinases Chk1 and Chk2 (Zhou and Elledge, 2000). Several adapter proteins are required 
for sensor-transducer kinase interaction and transducer kinase activation. BRCA repeat 
containing proteins including BRCA1, Crb2 and Rad9 are required for Chk1 activation, 
while Claspin and yeast Mrc1 are required for interaction during S-phase (Saka et al., 
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1997; Alcasabas et al., 2001; Tanaka and Russell, 2001). The transducer checkpoint 
kinases amplify checkpoint signaling and regulate downstream effectors. Chk1 and Chk2 
damage and cell cycle specific function varies between species (Melo and Toczyski, 
2002).  Vertebrate Chk1 is preferentially activated by ATR during S phase, while Chk2 is 
activated by ATM in response to DSBs (Bartek and Lukas, 2003; Shiloh, 2003). In 
fission yeast, Rad3 phosphorylates Chk1 and the Chk2 homologue Cds1 in a cell cycle 
dependent manner (Mochida et al., 2004; Tanaka and Russell, 2004). Chk1 is responsible 
for preventing mitosis in the presence of damage in G2, Cds1 is activated in response to 
DNA damage during S-phase (Brondello et al., 1999). In budding yeast, both Chk1 and 
Rad53, homologue to Chk2, are required for mitotic arrest while Rad53 responds to S-
phase insults (Sanchez et al., 1999). 
Several checkpoints regulate the cell cycle.  The G1/S and G2/M checkpoints prevent 
cell-cycle progression into S-phase and M-phase, respectively, in the presence of DNA 
damage.  Additionally, the S-M checkpoint, also known as the replication checkpoint, 
prevents mitosis in the presence of arrested replication forks and unreplicated DNA.  The 
cell cycle targets of the G1/S, G2/M, and S-M checkpoints are well characterized (Lukas 
et al., 2003).  These checkpoints represent a global cellular response, in which checkpoint 
kinases regulate cell-cycle events that are distant from the initiating lesion.  This model 
of checkpoint-as-global-regulator has been very useful for understanding checkpoint 
function, but may not completely fit the S-phase DNA damage checkpoint, also known as 
the intra-S checkpoint, which slows replication in the presence of DNA damage. 
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Table 1.1.  Checkpoint Cascade Components in Eukaryotes 
Protein Function Fission yeast Budding yeast Vertebrates 
Sensor kinases Rad3 Mec1 ATR 
 Tel1 Tel1 ATM 
    
Checkpoint Clamp 
loader 
Rad17 Rad24 Rad17 
Replication Clamp Rfc2-5 Rfc2-5 Rfc2-5 
    
9-1-1 Complex Rad9 Ddc1 Rad9 
 Rad1 Rad17 Rad1 
 Hus1 Mec3 Hus1 
    
ATR cofactor Rad26 Ddc2 ATRIP 
    
MRN complex Rad32 Mre11 Mre11 
 Rad50 Rad50 Rad50 
 Nbs1 Xrs2 Nbs1 
    
Transducer kinases Cds1 Rad53 Cdk2 
 Chk1 Chk1 Chk1 
    
Adapters Mrc1 Mrc1 Claspin 
 Crb2/Cut5 Rad9/Dpb11 BRCA1/TOPBP1/53BP1 
    
(Melo and Toczyski, 2002; Nyberg et al., 2002; Furuya and Carr, 2003; Roseaulin et al., 
2008; Griffiths et al., 1995) 
 
The S-phase DNA Damage Checkpoint, Global and Local? 
The S-phase DNA damage checkpoint is a bit different from the other DNA damage cell-
cycle checkpoints.  Instead of preventing a cell-cycle transition, this checkpoint reduces 
but does not absolutely halt DNA synthesis in the presence of damaged DNA during S-
phase.  In addition, there is not a strong correlation between checkpoint activity and DNA 
damage resistance.  The checkpoint is not specifically involved in DNA repair but instead 
allows for repair conducted by additional mechanisms.  Mutants specifically defective in 
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DNA repair processes are often more sensitive to DNA damage than checkpoint mutants.  
For these reasons, it has been suggested that the checkpoint may be more involved in 
accommodating and tolerating damage during replication than actually repairing the 
damage (Rhind and Russell, 2000a). 
The hallmark of the S-phase DNA damage checkpoint is the slowing of replication in 
response to DNA damage.  Inhibiting origin firing or reducing the rate of replication fork 
progression could accomplish this bulk replication slowing. Both mechanisms appear to 
be used (Figure 1.2).  Origin regulation is a global response in which factors act in trans 
to DNA lesions that may be far from the origins being regulated (Larner et al., 1994).  
The checkpoint-dependent mechanism promoting replication fork slowing may, like 
origin regulation, represent a global mechanism.  If the checkpoint affects forks in a 
global manner, all fork progression would be slowed, both forks close to and are far from 
sites of DNA damage.  However, fork rate may be regulated by the checkpoint in 
different manner.  The mechanism regulating fork progression could be a local response 
to DNA damage.  If this mechanism acts in cis to DNA damage, only forks encountering 
DNA damage would be slowed.  The contribution of fork slowing to total reduction in 
DNA synthesis would thus depend on lesion density.  The idea that the checkpoint may 
act locally to slow replication at sites of DNA damage is consistent with checkpoint 
helping to coordinate replication and repair and to allow cells to tolerate damage during 
S-phase. 
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Figure 1.2.  Reduced Replication Global and Local 
The checkpoint acts to slow replication using both both global and local mechanisms. 
Slowing replication in response to DNA damage involves regulation of origin firing and 
replication fork progression. Origin firing is a global checkpoint response in which 
origins are prevented from firing which are not directly affected by DNA damage. In 
contrast to origin regulation, checkpoint regulation of replication fork progression may be 
a local or a global response to DNA damage. If global, all replication forks, both those 
encountering DNA lesions and those unperturbed by damage would be slowed. If local, 
only forks directly encountering damaged template would be slowed in a checkpoint 
dependent manner. 
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Early Studies of the Effect of DNA Damage on Replication 
Changes in the rate of DNA synthesis have been measured using a variety of bulk 
methods.  Before the establishment of DNA as the critical target of radiation or even the 
genetic material, it was shown that replicating cells were more sensitive to ionizing 
radiation (IR) than stationary cells (Bergonie and Tribondeau, 1906).  Furthermore, cells 
irradiated during the first third of the growth cycle (G1 and S-phase) were more sensitive 
to IR than cells irradiated thereafter (Pelc and Howard, 1955).  Euler and Hevesy 
demonstrated IR reduced incorporation of radiolabeled phosphate in treated cells (VON 
EULER and VON HEVESY, 1943).  This reduction was found to be DNA specific and 
IR exposure shown to reduce incorporation of deoxynucleotides into nascent DNA 
molecules (ORD and STOCKEN, 1956; LAJTHA et al., 1958; ORD and STOCKEN, 
1958; Painter, 1967). With the discovery that eukaryotic genomes were duplicated by the 
combined activity of many replication origins and forks, investigators began to explore 
how cells slowed DNA synthesis in response to DNA damage, the central question being 
how the regulation of origin firing and fork progression contributes to reducing the rate of 
DNA synthesis in treated cells (Huberman and Riggs, 1968; Edenberg and Huberman, 
1975). 
The first efforts to deconvolve origin and fork regulation used autoradiography and 
alkaline sucrose gradient centrifugation.  Both techniques allow detection of new DNA 
synthesis by pulse-labeling replicating DNA.  Autoradiography permits direct 
visualization of DNA synthesis originating from multiple origins of replication on 
  
14 
individual DNA fibers.  Alkaline sucrose gradient centrifugation separates newly 
synthesized DNA of various sizes from the bulk of unreplicated DNA.  The quantity and 
sizes of small species are used as a measure of the rates origin firing and fork 
progression. Experiments using these techniques suggested DNA synthesis was reduced 
due to inhibition of origin firing at low doses of UV or IR (Painter and Young, 1975; 
Walters and Hildebrand, 1975; Painter and Young, 1976; Povirk and Painter, 1976). 
Concurrently, studies using high doses of radiation indicated both origin firing and fork 
progression were reduced in response to damage (Lehmann, 1972; Makino and Okada, 
1974; Watanabe, 1974; Edenberg, 1976; Cleaver et al., 1983).  Supporting evidence for 
slowing of forks by UV damage was collected by electron microscopy showing 
asymmetric fork progression after UV irradiation (Berger and Edenberg, 1986). 
Measurement of bulk DNA synthesis by radioactive label incorporation shows that cells 
respond in a biphasic manner to increasing doses of IR: a steep initial decline followed by 
a much more shallow reduction (Houldsworth and Lavin, 1980  Figure 1.2).  Estimates of 
fork progression and origin firing by alkaline sucrose gradient centrifugation indicated 
origin firing was more sensitive to DNA damage than fork progression (Makino and 
Okada, 1975; Painter and Young, 1975).  Thereafter, it was broadly interpreted that the 
initial steep decline in replication to low doses of IR was due to prevention of origin 
firing while the shallow decrease at higher doses represent reduced replication fork 
progression. 
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The Checkpoint Era 
The study of checkpoints began with the realization that cell-cycle effects were not a 
passive consequence of DNA damage itself but an active regulatory response (Hartwell 
and Weinert, 1989).  The first example of checkpoint regulation was in primary cells 
from patients suffering from Ataxia Telangectasia (AT), a syndrome characterized by 
developmental defects, frequent cancer onset and hypersensitivity to ionizing radiation. 
These AT cells were shown to harbor a mutation in the Ataxia Telangiectasia mutated 
(ATM) gene, and display a defect in the reduction of DNA synthesis in response to IR 
(Houldsworth and Lavin, 1980; Painter and Young, 1980; Painter, 1981).  Elevated 
replication in the presence of DNA damage in AT cells was termed radioresistant DNA 
synthesis (RDS).  RDS was subsequently found to be a common phenotype of checkpoint 
mutants from yeast to humans (Young and Painter, 1989; Bartek et al., 2004). 
The AT RDS phenotype appeared to be primarily origin based.  AT cells lacked the steep 
initial decline in DNA synthesis in response to low doses of IR. Analysis by both alkaline 
sucrose gradient centrifugation and autoradiography indicated ATM mutants lacked 
control of origin firing in response to IR and were proposed to display RDS due to an 
inability to prevent origin firing (Painter and Young, 1975; Ford and Lavin, 1981; 
Painter, 1981; Houldsworth and Lavin, 1983).  Alkaline sucrose gradient centrifugation 
showed AT cells displayed increased origin firing.  Analysis of autoradiographs 
suggested that while a single DSB could prevent an entire cluster of origins from firing in 
wild-type cells, AT cells lacked this response (Painter and Young, 1975). 
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Figure 1.3.  Biphasic Dose Response to DNA Damage 
In response to DNA damage, cells reduce replication in a biphasic manner. In wild-type 
controls, initial reduction in DNA synthesisin response to low doses of ionizing radiation 
(IR) is steep (solid line) while declines in response to higher doses of IR is more shallow 
(dashed line). Ataxia telengectasia mutated (ATM), checkpoint deficient cells do not 
display the initial steep reduction in synthesis in response to low doses of IR but do 
display similar response to wild-type controls at higher doses.  Comparison between 
ATM and wild-type controls suggests that the shallow portion of the does-response curve 
may be checkpoint independent in nature. Solid lines may also be interpreted to represent 
checkpoint dependent slowing while dashed lines represent checkpoint independent 
slowing of replication. 
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The role of ATM in regulating fork progression is less clear. First of all, fork slowing was 
observed only in response to high doses of radiation and most studies concentrated on the 
low dose results (Painter, 1981; Ockey, 1983; Painter, 1983; Mohamed et al., 1986). In a 
few cases, AT cells slowed replication fork progression as well as wild-type controls 
(Painter, 1983).  Indeed, both wild-type and ATM mutants display an identical shallow 
component suggesting the shallow portion of the dose response curve be checkpoint 
independent physical blockage of replication forks (Painter and Young, 1980).  Both 
genetic results and data obtained using physical techniques discussed later in this review 
strengthen the idea that forks are checkpoint substrates and slow in response to DNA 
damage. 
Checkpoint Regulation of Origin Firing 
Checkpoint inhibition of origin firing is by necessity a global response to DNA damage.  
To prevent origins from firing, checkpoint components must act at origins distant from 
sites of DNA damage.  Consistent with this idea, low doses of IR inhibit origin clusters 
not necessarily directly impacted by DNA damage and episomal DNA synthesis is 
prevented even when only nuclear DNA damaged by IR (Painter and Young, 1975; 
Povirk and Painter, 1976; Lamb et al., 1989; Cleaver et al., 1990). 
Significant progress has been made in elucidating the mechanism underlying checkpoint-
regulation of origins in higher eukaryotes.  Activation of either ATM or the ATM and 
Rad3-related (ATR) kinases prevents replication in vitro in Xenopus extracts (Costanzo et 
  
19 
al., 2000; Costanzo et al., 2003).  In vertebrates in response to IR, ATM activates Chk2, 
which then phosphorylates Cdc25A promoting its degradation (Falck et al., 2001; Falck 
et al., 2002).   Likewise, ATR activates Chk1, leading to the degradation of Cdc25A in 
response to UV (Mailand et al., 2000; Sorensen et al., 2003).  Degradation of Cdc25A 
phosphatase prevents dephosphorylation and activation of the Cdk2-CyclinE complex 
thereby preventing the loading of Cdc45 onto origins and thus origin firing (Falck et al., 
2002). 
Although checkpoint inhibition of origin firing is conserved between vertebrates and 
yeast (Shirahige et al., 1998; Kumar and Huberman, 2009), the mechanism apparently is 
not.  In particular, Cdc25 is not required for replication slowing in fission yeast 
(Kommajosyula and Rhind, 2006).  How origins are regulated in yeast by the checkpoint 
remains unknown. 
Inhibition of origin firing is a general checkpoint response to replication fork stalling.  
Like the S-phase DNA damage checkpoint, the S-M replication checkpoint prevents 
origin firing.  Although the S-M and S-phase DNA damage checkpoints are activated by 
different substrates, arrested replication forks and DNA damage, respectively, both 
checkpoints prevent origin firing via activation of the same checkpoint kinases.  HU 
treatment leads to nucleotide depletion, fork arrest, and S-M checkpoint activation early 
in S-phase.  Gel electrophoretic detection of replication intermediates at several origins 
showed that prevention of late origin firing upon HU arrest occurred in a checkpoint 
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dependent manner (Santocanale and Diffley, 1998; Kim and Huberman, 2001).  
Microarray analysis indicated that late-origin inhibition by the S-M checkpoint is a 
genome wide phenomenon (Yabuki et al., 2002; Feng et al., 2006; Heichinger et al., 
2006; Raveendranathan et al., 2006; Hayashi et al., 2007). 
Checkpoint kinases regulate origin firing even in the absence of insult.  AT cells were 
originally observed to replicate more quickly than wild-type (Painter and Young, 1976).  
Likewise, the rate of bulk DNA synthesis measured by radiolabel incorporation is 
increased in cells exposed to caffeine which inhibits both ATM and ATR prior to S-phase 
(Shechter et al., 2004).  Furthermore, reducing Chk1 protein levels causes elevated origin 
firing during unperturbed S-phase (Diaz-Martinez and Clarke, 2003; Scorah and 
McGowan, 2009).  Thus the checkpoint acts to limit origin firing under normal 
conditions. 
Checkpoint Regulation of Fork Progression 
In contrast to origin firing, fork slowing may represent a local checkpoint response to 
DNA damage. Regulation of fork progression could be a global mechanism (Figure 1.2). 
However, we prefer the local model since there is no evidence that cells replicating slow 
unperturbed forks.  If it is a local effect, the checkpoint must alter replication fork 
metabolism to stall upon encountering damage. Polymerse stalling produces stretches of 
ssDNA due to decoupling between the two replicative polymerases or between the 
polymerases and the MCM replicative helicase. This ssDNA is required for local and 
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global checkpoint response. ssDNA serves to activate the checkpoint kinases which 
phosphorylate replisome components and recruit and regulate additional factors.  It is 
likely that stalled forks globally stimulate checkpoint activity but act as checkpoint 
substrates in a local manner.  
Recent genetic evidence suggests that replication fork slowing contributes to checkpoint-
dependent replication slowing.  Two pathways downstream of ATM are required for 
robust slowing in response to IR.  Mutation of either Chk2 or the Mre11-Rad50-Nbs1 
(MRN) recombinational repair complex causes a partial RDS phenotype.  Compromising 
both pathways induced robust ATM-like RDS (Young and Painter, 1989; Falck et al., 
2002; Yazdi et al., 2002).  Chk2 is required for prevention of origin firing but mutants 
still display intermediate slowing.  MRN mutants also display residual slowing even in 
response to IR fully capable of activating Chk2 and preventing origin firing (Falck et al., 
2002).  These observations suggest the ATM RDS phenotype is due to defects in origin-
dependent and independent, presumably fork slowing, events. 
Direct physical evidence for checkpoint slowing of fork progression has come from 
fluorescent DNA fiber analysis, an updated version of the fiber autoradiography.  Using 
nucleotide analog labeling and fiber analysis, replicated regions on individual DNA 
molecules may be visualized. From this data, replication fork progression and origin 
firing frequency can be analyzed.  This data explicitly shows DNA damage causes fork 
slowing, a possibility only indirectly supported by previously by bulk assays. Both ATR 
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and Chk1 are required to slow replication forks in response to UV and camptothecin 
(CPT) (Seiler et al., 2007; Unsal-Kacmaz et al., 2007).  With increasing UV exposure the 
ATR-Chk1 pathway is responsible for greater bulk slowing of replication without any 
further measurable decrease in origin firing suggesting a fork-dependent response 
(Chastain et al., 2006).  Besides the ATR and Chk1 kinases, vertebrate cells require 
additional components to slow forks in response to damage.  The Timeless-Timeless 
Interacting Protein (Tim-Tipin) complex is a Chk1 target and Tipin required for UV 
induced reduction of fork progression (Chou and Elledge, 2006; Gotter et al., 2007; 
Unsal-Kacmaz et al., 2007).  p53 is required for fork slowing in response to IR (Shimura 
et al., 2006) and the Rad51 recombinase and its paralog Xrcc3 are required for fork 
slowing in response to CPT and UV (Henry-Mowatt et al., 2003). 
Like regulation of origin firing, checkpoint kinases regulate fork progression even during 
unperturbed S-phase.  Depletion of the ATR-Chk1 mediator Claspin or target Tim 
reduces fork progression in the absence of damage (Unsal-Kacmaz et al., 2007; Scorah 
and McGowan, 2009).  Presumably checkpoint kinases are able to act locally to 
spontaneously stalled forks without initiating a global checkpoint signaling response.  
Cells must tolerate the production of some damage since replication forks do periodically 
stall during any normal S-phase (Wang et al., 2001b).  Replication forks encounter 
natural barriers to progression including various natural programmed pause sites, and 
fragile sites in the genome. Fork stalling at these sites does not initiate a global 
checkpoint response. Shimada et al., describe a threshold in checkpoint kinase activation 
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which must be reached before a traditional, global checkpoint response is initiated 
(Shimada et al., 2002). 
Presumably bulky DNA lesions slow replication forks independently of checkpoint 
activity. Density shift experiments conducted in budding yeast followed replication of a 
long region initiated from a single origin.  Results suggested replication fork progression 
was reduced in the presence of MMS in a checkpoint-independent manner (Tercero and 
Diffley, 2001). In addition, many studies that show checkpoint dependent slowing at low 
doses show checkpoint-independent slowing at high doses of damage. 
Stabilization of Stalled Forks, Hints for Fork Slowing 
Slowing of replication forks may be due to transient fork pausing upon encountering 
DNA damage.  A variety of outcomes are possible when the fork pauses at an 
insurmountable bulky DNA lesion. Replicative polymerases may be exchanged for 
translesion DNA polymerases allowing error-prone replication through the damage. The 
DNA lesion may be repaired and the replication fork continues. The paused fork may 
undergo some replication-coupled recombination allowing bypass of DNA damage 
through sister chromatid exchange or fork regression.  Checkpoint mutants still replicate 
efficiently by bulk assays in the presence of DNA damage suggesting that the checkpoint 
directs replication forks to pause upon encountering damage.  Fork slowing measured by 
fluorescent fiber analysis may be the consequence of many checkpoint-dependent micro-
pause events. 
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This idea of the checkpoint as a fork modulator is consistent with the S-phase 
checkpoints serving vital local functions in stabilizing stalled replication forks.  First, 
fork stabilization allows for the completion of replication in the presence of damage.  
Two-dimensional gel electrophoresis and density shift analysis show checkpoint kinases 
prevent fork degradation and accumulation of unreplicated DNA in the presence of MMS 
(Tercero and Diffley, 2001; Lomonosov et al., 2003; Lopes et al., 2003; Tercero et al., 
2003).  Similar analysis linked checkpoint-dependent fork stabilization of replication 
forks in response to UV (Lopes et al., 2006). Second, the checkpoint prevents excessive 
nuclease activity and ssDNA production at stalled forks.  In budding yeast, electron 
microscopy shows checkpoint mutants display excess ssDNA and fork reversal upon 
hydroxyurea (HU) arrest (Lopes et al., 2001; Sogo et al., 2002).  Unchecked Exo1 
nuclease activity was found responsible for production of this ssDNA and checkpoint 
sensitivity to damaging agents which stall replication forks (Segurado and Diffley, 2008).  
Lastly, checkpoint stabilization of stalled forks prevents fork breakage, a potentially 
lethal situation for the cell.  In fission yeast, checkpoint mutants show increased 
incidence of assymetric stalled fork breakage (Noguchi et al., 2003).  Complementing 
these studies, checkpoint mutants display increased incidence of recombination foci 
during HU arrest suggesting increased formation of DSBs (Du et al., 2003; Lisby et al., 
2003; Lisby et al., 2004).  The budding yeast Mec1-100 separation of function mutant 
highlights the fact that fork stability is crucial to checkpoint-mediated cell survival. Like 
the null allele, Mec1-100 mutants display defects in origin firing, but maintain stable 
stalled replication forks and are extremely resistant to DNA damage (Paciotti et al., 2001; 
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Tercero et al., 2003).  Therefore checkpoint mutant sensitivity to S-phase insults is due to 
fork destabilization and breakdown and not deregulated origin firing. 
Fork slowing in the presence of damage appears to be a delicate balance between stalled 
fork stability and fork restart.  Dynamic regulation of checkpoint kinase activity is 
required for efficient fork progression even when forks are slowed by DNA damage.  
Deactivation of budding yeast Rad53 is required for efficient replication fork progression 
in the presence of MMS (Szyjka et al., 2008).  Presumably the continued activity of 
Rad53 prevents restart and deactivation of Rad53 kinase is required for replication fork 
restart.  This data suggests the checkpoint is able to maintain stalled forks in a replication 
competent state, preventing bypass of DNA damage, even after repair of the stalling 
lesion.  
Recombination, Lesion Bypass and Fork Slowing  
Although genetic and physical evidence suggests checkpoint activation pauses replication 
forks, the exact mechanism by which the checkpoint accomplishes this feat is unknown.  
One possible mechanism for fork pausing involves recombination.  Vertebrates require 
Rad51 for fork slowing in response to DNA damage (Henry-Mowatt et al., 2003).  
Although the details appear to be different, recombination is also involved in slowing in 
fission yeast (Willis and Rhind, 2009). 
Although involvement of recombination in replication fork slowing differs in eukaryotes, 
recombination still appears to be important for replication fork metabolism.  A possible 
  
26 
mechanism involving recombination and fork pausing is polymerase template switching. 
Recombination intermediates or joint molecules are observed during replication (Frei and 
Gasser, 2000; Segurado et al., 2002; Lopes et al., 2003; Liberi et al., 2005).  Excessive 
production of these X-shaped intermediates has been postulated to indicate bypass of 
DNA damage during replication by uncontrolled template switching (Branzei and Foiani, 
2008). Checkpoint-dependent fork pausing may prevent recombination and template 
switching required for quick bypass of DNA damage.  These X-shaped molecules 
produced by template switching accumulate in helicase and nuclease mutants during 
replication (Cotta-Ramusino et al., 2005; Liberi et al., 2005). Thus proper fork 
metabolism involving control of polymerase template switching serves as a likely 
mechanism for checkpoint-dependent replication fork slowing (Willis and Rhind, 2009). 
Some data implicates restraint of template switching as important for slowing replication 
forks.  Restraining recombination appears important for slowing in yeast. Both budding 
and fission yeast helicase mutants rqh1∆ and sgs1∆ display hyperrecombinant 
phenotypes and S-phase slowing defects (Frei and Gasser, 2000; Willis and Rhind, 2009).  
sgs1∆ mutants accumulate X-shaped intermediates during S-phase suggesting a 
correlation between failure to slow and unregulated template switching (Liberi et al., 
2005). A number of proteins in fission yeast including the Rqh1 helicase, MRN complex, 
Rad2 flap endonuclease and Mus81 endonuclease are required for slowing (Willis and 
Rhind, 2009 Willis. Willis and Rhind unpublished data). All these proteins are involved 
in limiting or processing replication-dependent recombination events.  Eliminating 
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recombination by deletion of the central mitotic recombinase Rhp51 suppresses most of 
these mutants’ slowing defects (Willis and Rhind, 2009).  This epistatic relationship 
strongly suggests that preventing recombination promotes replication slowing. 
Some components required for slowing are conserved in eukaryotes. The MRN 
recombinational repair complex is involved in replication slowing.  The MRN complex is 
required for slowing in both budding and fission yeast and vertebrates (Young and 
Painter, 1989; D'Amours and Jackson, 2001; Chahwan et al., 2003; Andrews and Clarke, 
2005). In vertebrates, MRN is involved in both ATM and ATR dependent slowing 
pathways since it is required for robust slowing in response to IR and UV radiation (Uziel 
et al., 2003; Garg et al., 2004; Olson et al., 2007). However, the role MRN plays in the 
checkpoint is complicated by its involvement in checkpoint signaling. MRN is required 
for ATM but not ATR activation, although primarily in response to low doses of IR (Lee 
and Paull, 2007).  We speculate that at low doses of IR, MRN activity would contribute 
to global checkpoint signaling through its role in ATM activation and therefore global 
ability of the cell to prevent origin firing.  At high doses of IR, ATM activation is MRN-
independent but MRN contributes to slowing due to its influence on local checkpoint 
effect on replication fork progression. 
Like origin firing, the mechanism used to slow replication forks is conserved while the 
checkpoint targets have diverged among eukaryotes. For example, components of the 
Replication Fork protection Complex serve different roles in stalled fork metabolism but 
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are all required for some aspect of replication fork progression. In fission yeast, Swi1 is 
not required for slowing and is responsible for slowing defects displayed by several 
mutants, components of the vertebrate Tim-Tipin complex are both required for slowing 
replication forks in response to damage but also fork progression in the absence of 
damage, and in xenopus, the Tim homologue is required for fork restart (Errico et al., 
2007; Gotter et al., 2007; Unsal-Kacmaz et al., 2007; Yoshizawa-Sugata and Masai, 
2007; Willis and Rhind, 2009).  Additionally, in vertebrates Rad51 is required for 
slowing while in fission yeast, recombination is neither required for slowing in the 
presence of DNA damage nor for efficient progression through S-phase in the absence of 
damage.  Like Swi1, fission yeast Rad51 is responsible for slowing defects displayed by 
several helicase and nuclease mutants (Henry-Mowatt et al., 2003; Willis and Rhind, 
2009). 
Lesion Density May Account for Differences and Discrepancies 
At first glance, yeast, frogs and vertebrates seem to differ in S-phase DNA damage 
checkpoint response to different damaging agents. However, differences in slowing may 
simply be related to the frequency and quantity of DNA lesions produced by insults in 
these different systems.  For example, vertebrates and frogs slow replication in response 
to low doses of IR while fission yeast do not (Painter and Young, 1980; Rhind and 
Russell, 1998a).  In these model systems, exposure to IR prevents origin firing indicating 
a global checkpoint response has been initiated. These observations suggest that origins 
are more important for slowing in metazoans.  We speculate that since replication takes 
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far longer in vertebrate systems than in fission yeast, the effect of global origin inhibition 
will have a greater impact on replication in vertebrates. This observation suggests that 
fork response plays an important role in slowing replication and forks slow in a local, 
manner directly dependent upon DNA lesions encountered. 
DNA lesion density may contribute to slowing in a fork-dependent manner. Presumably 
all organisms slow replication forks in response to all forms of DNA damage. However, 
unlike global checkpoint inhibition of origin firing, if fork slowing were local in nature, 
the fork contribution to bulk measured slowing would depend explicitly on forks directly 
encountering DNA lesions.  DNA lesion density would dictate the frequency with which 
individual forks pause.  The greater the lesion density, the more often forks would pause 
and the greater the contribution of fork slowing to overall reduced DNA synthesis.  Data 
from titration experiments using MMS shows replication slowing in fission yeast is 
directly related to the concentration of MMS used (Willis and Rhind, 2009).  DNA fiber 
analysis also provides evidence that lesion density is important for replication fork 
response to damage.  Merrick et al, observed that low doses of IR (1-5Gy) prevented 
origin firing and did not slow forks much but that MMS prevented origin firing and 
robustly slowed forks (Merrick et al., 2004).  These observations suggest that DNA 
damaging agents reduce replication by different means; IR primarily prevents origin 
firing while MMS much more robustly slows replication forks.  Furthermore, these 
observations strongly suggest a direct correlation between lesion density and DNA 
damage effect replication fork progression. 
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Differences between ATM and ATR regulated slowing may be due to the type of DNA 
damage these kinases respond to (Figure 1.4).  ATM and ATR appear to promote 
replication slowing using the same mechanisms, a global prevention of origin firing and 
local slowing of replication fork progression. For example, the ATM-Chk2-Cdc25A and 
the ATR-Chk1-Cdc25A pathways limit origin firing in the presence of IR and UV 
induced damage, respectively. ATM and ATR also slow replication forks in response to 
IR and UV, respectively. Unlike origin firing, these two kinases appear to regulate 
different targets to slow replication forks. However, presumably both kinases ultimately 
induce fork slowing in a similar manner.  The number of lesions would determine how 
many forks are stalled and we speculate that damaging agents such as UV simply stall 
more forks than IR. 
Early confusion regarding the role of replication forks in slowing may be due to the local 
fork response being largely masked by the global origin response when replication was 
measured by bulk assay. At low doses of IR, ATM simply prevents origin firing without 
much measurable effect on replication fork progression (Merrick et al., 2004).  Lack of 
replication fork slowing would not be due to any functional inability of ATM but because 
IR would not produce enough lesions to effect many forks.  Biphasic dose response curve 
described earlier may reflect this. Low and high doses of IR effectively prevent origin 
firing in an ATM-dependent manner. While higher doses of IR may induce slightly more 
slowing because lesion density is moderately increased and more forks directly affected 
and slowed, also in an ATM-dependent manner. 
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Figure 1.4.  Lesion Density Influence on Replication Slowing 
Different insults produce different densities of DNA lesions and therefore may have 
different consequences on replication.  Both ATM and ATR regulate origin firing and 
fork response to DNA damage. However, the DNA damage determines the degree to 
which replication forks are slowed.  IR produces a relatively low frequency of DSBs, 
which effect few forks while damaging agents producing a high density of bulky adducts 
including MMS and UV effect origins and many replication forks.  Replication fork 
slowing may involve regulation of template switching or coordinating fork progression 
with repair.  The checkpoint kinase cascade responsible for slowing in fission yeast is 
similar to ATR in vertebrates. Rad3 (hATR) regulates Cds1 (the functional equivalent of 
Chk1 here) to regulate both origin firing and fork progression. 
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Figure 1.4.  Lesion Density Influence on Replication Slowing 
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Conclusions 
Despite some important differences between model systems, we propose checkpoint 
regulation of both origin firing and fork progression play roles in checkpoint-dependent 
replication slowing.  Direct evidence for these two phenomena has recently been shown 
using fluorescent DNA fiber analysis. Presumably checkpoint activation prevents origins 
from firing in a global manner and also slows replication forks when forks encounter 
DNA damage. We speculate that fork slowing be due to the frequency with which forks 
directly encounter DNA damage. The importance of proper fork metabolism and slowing 
of replication forks in response to damage is emphasized by the fact that defects in the S-
phase DNA damage checkpoint response are often associated with genomic instability, 
inability to tolerate DNA damage during replication, and a predisposition to cancer 
development.  Many mutants found defective only for the S-phase DNA damage 
checkpoint display these phenotypes highlighting the importance of regulation of 
replication in response to damage.  Thus checkpoint mediated fork response to damage is 
important for cell survival and proliferation. 
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Chapter II. Mus81, Rhp51(Rad51) and Rqh1 Form an Epistatic Pathway Required 
for the S-phase DNA Damage Checkpoint 
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Abstract 
The S-phase DNA damage checkpoint slows the rate of DNA synthesis in response to 
damage during replication.  In the fission yeast Schizosaccharomyces pombe, Cds1, the 
S-phase specific checkpoint effector kinase, is required for checkpoint signaling and 
replication slowing; upon treatment with the alkylating agent MMS, cds1∆ mutants 
display a complete checkpoint defect.  We have identified proteins downstream of Cds1 
required for checkpoint-dependent slowing, including the structure-specific endonuclease 
Mus81 and the helicase Rqh1, which are implicated in replication fork stability and the 
negative regulation of recombination.  Removing Rhp51, the Rad51 recombinase 
homolog, suppresses the slowing defect of rqh1∆ mutants, but not that of mus81∆ 
mutant, defining an epistatic pathway in which mus81 is epistatic to rhp51 and rhp51 is 
epistatic to rqh1.  We propose that restraining recombination is required for the slowing 
of replication in response to DNA damage. 
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Introduction 
Checkpoints are signaling cascades important for cells to properly respond to DNA 
damage by coordinating repair with cell-cycle progression.  Cells employ checkpoints at 
several critical points in the cell cycle to minimize mutation and maintain viability in the 
presence of damaged DNA (Kastan and Bartek, 2004).  Checkpoint activation prevents 
entrance into S phase in the presence of DNA damage in G1, prevents entrance into 
mitosis in the presence of damaged or unreplicated DNA and reduces replication rate in 
the presence of damaged template during S phase.  The mechanism of the G1 and G2 
DNA damage checkpoints are well described (Lukas et al., 2004). However, mechanisms 
utilized to slow replication in response to DNA damage during S phase are less clear.  
Two mechanisms have been invoked for replication slowing in response to DNA damage: 
reduced replication fork rate and reduced origin firing (Tercero and Diffley, 2001; 
Merrick et al., 2004).  Prevention of origin firing requires factors to act on origins located 
far from sites of DNA damage and thus represents an in trans mechanism, while reduced 
fork rate likely represents an in cis mechanism in which factors act locally at the site of 
DNA damage to slow the affected fork.  Slowing in response to DNA damage in higher 
eukaryotes appears to be a combination of both direct action on replication forks and 
reduced origin firing (Seiler et al., 2007). 
In the fission yeast Schizosaccharomyces pombe, the well-established S-phase DNA 
damage checkpoint signaling cascade includes Rad3, the central checkpoint kinase and 
homolog of the metazoan ATR kinase, and Cds1, homolog of the Rad53 and Chk2 
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effector kinases (Lindsay et al., 1998; Rhind and Russell, 1998a). However, the 
checkpoint targets underlying replication slowing are not well understood (Figure 2.1F).  
Replication slowing in metazoans is catalyzed by parallel pathways acting downstream of 
the central checkpoint kinases (Falck et al., 2002; Henry-Mowatt et al., 2003).  One 
pathway depends upon Chk2/Cds1 negative regulation of Cdc25-dependent origin firing; 
another is dependent upon the Mre11-Rad50-Nbs1 (MRN) recombinational repair 
complex, which may reflect direct regulation of replication fork progression (Falck et al., 
2002).  Only when both MRN and Cdc25 mediated pathways are compromised do 
mammalian cells display a complete failure of the S-phase DNA damage checkpoint 
similar to ATM mutants (Falck et al., 2002).  In S. pombe, Cdc25 is not required for the 
S-phase DNA damage checkpoint (Kommajosyula and Rhind, 2006).  However, 
members of the MRN complex are required (Chahwan et al., 2003; Kommajosyula and 
Rhind, 2006).  The lack of Cdc25 involvement in the S-phase DNA damage response 
suggests either that regulation of origin firing is not required for replication slowing or 
that origins are regulated in a manner independent of Cdc25. 
Replication fork response to DNA damage involves fork stalling, recombination and 
DNA repair (Michel et al., 2004).  Recombination allows for error-free repair of damaged 
DNA through strand exchange between homologous sequences.  In fission yeast, this 
exchange is catalyzed by the central mitotic recombinase Rhp51, homolog of bacterial 
RecA and budding yeast Rad51 (Muris et al., 1993).  Rhp51 is loaded onto the 3’-end of 
single-stranded DNA by the mediator Rad22, homolog of Rad52.  Rhp51 then forms a 
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nucleoprotein filament on ssDNA which is stabilized and regulated by the additional 
Rhp51 mediators, Rhp54, Rhp55, Rhp57, Sfr1 and Swi5 (Raji and Hartsuiker, 2006).  
Single-fiber analysis shows the Rad51 recombinase and its paralog XRCC3 are required 
for slowing of replication fork progression in response to cisplatin and UV in mammalian 
cells (Henry-Mowatt et al., 2003). 
Although beneficial, recombination must be tightly regulated for cells to properly 
respond to DNA damage and fork stalling.  One mechanism for controlling 
recombination involves the RecQ helicase Rqh1, which is implicated in negatively 
regulating recombination.  Cells lacking Rqh1 display phenotypes attributed to 
inappropriate, ectopic recombination including hyper-recombination, sensitivity to 
replication arrest and sensitivity to UV induced DNA damage (Doe et al., 2000).  The 
DNA damage sensitivity displayed by rqh1∆ cells is alleviated upon disrupting 
recombination (Hope et al., 2005).  The structure-specific endonuclease Mus81 is also 
implicated in negatively regulating recombination.  Like the helicase mutants, mus81∆ 
mutants display a mutator phenotype and sensitivity to hydroxyurea and UV (Boddy et 
al., 2000; Kai et al., 2005).  Consistent with our results summarized below, the DNA 
damage sensitivity of mus81∆ and synthetic lethality of the mus81∆ rqh1∆ mutant is not 
rescued by removing recombination (Doe and Whitby, 2004). 
The hallmark of the S-phase DNA damage checkpoint in the fission yeast 
Schizosaccharomyces pombe is slowing of replication in response to DNA damage 
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(Lindsay et al., 1998; Rhind and Russell, 1998a).  With this in mind, we used cell-cycle 
synchronization and flow cytometry to measure bulk replication slowing in response to 
DNA damage.  We show that several proteins in addition to the checkpoint kinases are 
required for replication slowing in fission yeast: the Rqh1 helicase, the Mus81 
endonuclease and the Sfr1 mediator.  We show that the slowing defects displayed by 
rqh1∆ and sfr1∆ strains are suppressed by abrogating recombination, but that the defects 
displayed by mus81∆ and cds1∆ mutants are not.  Previous experiments utilizing these 
mutants have shown the importance of recombinational control in proper repair of DNA 
lesions post replication (Laursen et al., 2003).  Our data illustrates the importance of 
proper control of recombination in response to DNA damage during replication itself. 
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Materials and Methods 
Strain construction and maintenance 
Yeast strains were grown in yeast extract with supplements (YES) or Edinburgh Minimal 
Media (EMM) at 25°C or 30°C and manipulated using standard methods (Forsburg and 
Rhind, 2006).  Strains containing the cds1 overexpression cassette were grown in EMM 
supplemented with 15µM thiamine to repress nmt1 transcription.  Thiamine was washed 
out 16 hours prior to G1 elutriation. The rad51::natMX6 allele was constructed using a 
PCR-based targeting method replacing the open reading frame of rhp51 with the 
nourseothricin resistance gene natMX6 (Bahler et al., 1998; Sato et al., 2005). We 
targeted rhp51 using PCR product amplified from the pCR2.1-nat plasmid using the 
following primers, 5’-
CTAATCTTTCTTTTCTTTAATAATATAAAAAACTCTTTTCAATTCCAGAATAGT
GATAATTTCGTGCTTAACAAGTTATACGGATCCCCGGGTTAATTAA and 5’-
CACATACATATCTATCCTTACAAACTCATCCCATAGAATTTGCAAAATAATAA
ATAAAAATGAAACGATACTAAAATAATGAATTCGAGCTCGTTTAAAC. 
G1 Synchronization 
To follow cells through S phase, we used the cdc10-m17 temperature sensitive allele to 
arrest cells in G1 and synchronously release them into S.  Simply synchronizing cells by 
extended cdc10-m17 arrest and release proved problematic.  A 3 hour arrest prevents 
synchronized cells from replicating quickly upon release.  Therefore, G1 cells were 
synchronized using a combination of cdc10-m17 arrest and centrifugal elutriation which 
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allow us to synchronize cells in G1 that replicate quickly upon release.  Cultures were 
grown to OD600 1.5 at 25°C followed by incubation at 35°C for 2 hours to arrest a 
subpopulation of cells in late G1.  The smallest synchronized G1 cells were then 
collected by centrifugal elutriation.  We estimate that the cells recovered were arrested at 
the Cdc10 execution point for only 30 minutes.  Collected cells were immediately 
released to 25°C and treated with 0.03% methyl methane sulfonate (MMS) (Sigma 
M4016), 10 mM hydroxyurea (Sigma H8627), 1-9 µg/ml Bleomycin (Sigma B2434), 200 
Gray ionizing radiation using a Faxitron RX-650 (10 Gray per minutes starting at 5 
minutes post elutriation) or untreated.  At 20-minute intervals for 3 hours after elutriation, 
0.5 ODs of cells were pelleted and resuspended in 70% ethanol.  Fixed cells were stored 
at 4°C until processed for flow cytometry. 
Isolated Nuclei Preparation for Flow Cytometry 
Whole cells arrested using cdc10 temperature-sensitive alleles or treated with 
hydroxyurea display significant background fluorescence when analyzed by flow 
cytometry.  The background increases during the arrest because cells continue to 
elongate.  To reduce this background and improve the signal-to-noise ratio in our 
experiments, we adaptation a protocol to analyze isolated nuclei (Carlson et al., 1997).  
Fixed cells were pelleted and washed with 1 ml 0.6 M KCl.  Cells were spheroplasted by 
resuspension in 1 ml 0.6 M KCl containing 0.5 mg/ml Zymolyase 20T and 1.3 mg/ml 
lysing enzyme (Sigma L1412) and incubated at 37°C for 30 min.  Spheroplasts were 
pelleted, washed with 1 ml 0.1% Triton-X-100, 0.1M KCl, and finally washed with and 
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resuspended in 1 ml 20 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0.  20 µl RNase A 
(10mg/ml) was added to each preparation followed by overnight incubation at 37°C.  
Spheroplasts were pelleted, left in buffer and chilled to 0°C.  Spheroplasts were disrupted 
and nuclei released using a Branson Sonifier 450 set to 0.6 power for 10 seconds using a 
chilled microtip.  300 µl of sonicated cells were mixed with 300 µl 2 µM of Sytox Green 
(Invitrogen S7020) in 1x PBS and analyzed on a Becton-Dickinson FACScan flow 
cytometer. 
S-Phase Progression Analysis 
S-phase progression was quantitated using CellQuest software (Becton-Dickinson version 
3.3).  The 1C unreplicated value was determined measuring DNA content of freshly 
elutriated samples and the 2C fully replicated value was determined by measuring DNA 
content from later timepoints for untreated cultures and asynchronous, pre-arrested 
samples.  Mean values for S-phase peaks after release were compared with 1C and 2C 
values.  S-phase progression was quantitated using the following equation: % progression 
= (C-A)/(B-A), where A = 1C, B = 2C and C = mean histogram value.  Error bars 
represent the standard error of the mean for strains in which 3 or more experiments were 
performed.  For strains for which two experiments were performed error bars represent 
the variance.  The error bars may be smaller than data symbols used.  See Figure 2.11 at 
the end of this chapter for the number of experiments performed for each individual 
strain. 
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In Vitro Kinase Assay 
G1 cells were synchronized as described above and kinase activity measured as 
previously described (Lindsay et al., 1998; Kai et al., 2005).  0.5 OD of cells were fixed 
for flow cytometry and 5 OD of cells were pelleted and frozen in liquid nitrogen.  Pellets 
were thawed on ice in 200 µl ice-cold lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 
8.0, 5 mM EDTA pH 8.0, 10% glycerol, 1% NP-40, 50 mM NaF, 5 µg/ml Leupeptin, 1 
mM PMSF, 1 mM Na3VO4) and broken by vortexing with silica bead for 15 min at 4°C.  
Crude anti-Cds1 antibodies (a kind gift from T.  Wang) were conjugated to Protein-A 
Sepharose beads by constant mixing at 4°C for 1 hour in lysis buffer, washed in ice-cold 
lysis buffer and resuspended as a 1:1 slurry in lysis buffer.  Crude cell lysates were 
cleared by brief centrifugation (3000 x g, 4 min, 4°C); cleared lysate protein 
concentration determined by BCA Protein Assay kit (Pierce 23225).  Protein 
concentration was normalized within each experiment in a final volume of 200 µl.  20 µl 
of the 1:1 antibody-protein A bead slurry was added to each sample and mixtures 
incubated with constant mixing at 4°C for 2 hours.  Beads were washed twice with ice-
cold lysis buffer, twice with ice-cold 1x kinase buffer (5 mM HEPES pH 7.5, 37.5 mM 
KCl, 2.5 mM MgCl2) and resuspended in 10 µl 1x kinase buffer. 
To each sample, 10 µl 2x kinase buffer (10 mM HEPES pH 7.5, 75 mM KCl, 5 mM 
MgCl2), 0.5 µl 10 µCi/µl γ-P32 dATP, 2 µl 1 mM dATP and 5 µl 1 mg/ml myelin basic 
protein (Sigma M1891) were added, mixed and incubated at 30°C for 15 min.   Reactions 
were stopped by addition of 20 µl 4x protein loading buffer (40% glycerol, 200 mM Tris-
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HCl pH 6.8, 4% SDS) and boiled for 5 min at 95°C.   Reactions were allowed to cool to 
room temperature and beads were pelleted.   20 µl of the supernatants were run on a 15% 
SDS-polyacrylamide gel, Coomassie stained to visualize myelin basic protein target, 
dried for 30 min at 90°C under vacuum and exposed to a phosphorimager screen for 6-72 
hours.  Screens were developed on a FLA-5000 Phosphorimager and bands quantitated 
using FugiFilm ImageGauge software.  For comparison between strains and independent 
experiments, kinase activity was normalized to percent G1 cells at time 0 (G2 cells 
treated with 0.03% MMS neither septate nor replicate and do not contribute to measured 
Cds1 activity) and values were normalized to kinase activity in MMS treated wild-type 
cells 120 min after elutriation. 
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Results 
Flow-Cytometric Quantitation of the S-Phase DNA Damage Checkpoint 
To measure S-phase DNA damage checkpoint induced replication slowing, cultures were 
synchronized in G1 using a combination of transient cdc10-ts arrest and centrifugal 
elutriation.  G1 synchronized cells were released at permissive temperature in the 
presence or absence of the DNA damaging agent methyl methane sulfonate (MMS).  We 
utilized flow cytometry to measure nuclear DNA content and follow populations of cells 
as they progressed through S phase from unreplicated 1C content towards fully replicated 
2C content.  To reduce cytoplasmic background, flow cytometry was performed upon 
isolated nuclei. 
Data collected by flow cytometry was analyzed as histogram stacks shown in Figure 
2.1A.  The untreated wild-type population in the left-hand stack displays a distinct shift 
from 1C towards 2C around 80 minutes after release, while MMS-treated cells display no 
such dramatic shift but a slow progression from 1C towards 2C with time.  As previously 
reported, cells lacking Rad3, the central checkpoint kinase in fission yeast, replicate 
quickly both in the presence and absence of DNA damage confirming that the checkpoint 
is required for replication slowing in response to DNA damage (Figure 2.1A right-hand 
panels and Lindsay et al., 1998; Rhind and Russell, 1998). 
Measuring mean population peak shifting from 1C towards 2C nuclear DNA content over 
time allowed us to generate replication progression plots shown in Figure 2.1B.   
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Figure 2.1.  Replication Slowing in Response to DNA Damage is Checkpoint 
Dependent. 
(A) S-phase flow cytometry histogram stacks comparing wild-type (yFS162) and rad3∆ 
(yFS260) strains.  G1 cells were synchronized by cdc10-m17 arrest and elutriation and 
released in the presence or absence of 0.03% MMS.  Cells were fixed every 20 minutes 
and nuclear DNA content measured by flow cytometry.  (B) Population progression 
through S-phase is plotted over time by measuring the shifting of the mean of S-phase 
peaks from unreplicated 1C towards fully replicated 2C values. The rad3∆ (yFS260) 
cds1∆ (yFS543) and mrc1∆ (yFS665) mutants fail to slow replication in response DNA 
damage.  (C) Replication kinetics represented by plotting the extent of replication at 140 
minutes after elutriation, described as Rep140.  (D) Cds1 activity was assayed with an in 
vitro IP-kinase assays using myelin basic protein as a substrate; activity was normalized 
to the 120 minute time point.  (E) Quantitation kinase assays for the wild-type strain.  n = 
14 for wild type; n = 1 for rad3∆; error bars represent the stander error of the mean.  (F) 
The S-phase DNA damage checkpoint requires the upstream checkpoint sensor kinase 
Rad3, homolog to metazoan ATR, and the S-phase specific transducer kinase Cds1, 
homolog to Chk2. Downstream players in replication slowing and the mechanism(s) 
required for slowing have not been defined for fission yeast. 
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Figure 2.1.  Replication Slowing in Response to DNA Damage is Checkpoint 
Dependent. 
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Unreplicated cells containing 1C DNA content were assigned a value of 0 while 
replicated cells containing 2C DNA content were assigned a value of 1.  Wild-type 
strains slowed replication by approximately 40% in the presence of MMS (Figure 2.1B, 
closed vs. open diamonds), while the rad3∆ strain did not (Figure 2.1B, closed vs. open 
triangles). Cds1, the S-phase specific effector kinase, and Mrc1, the S-phase checkpoint 
mediator protein required for Rad3-dependent Cds1 phosphorylation and activation, are 
also required for DNA damage induced replication slowing (Figure 4D and S3A and 
Lindsay et al., 1998; Rhind and Russell, 1998a).  To illustrate the difference between 
wild-type and rad3∆ strains, the extent of replication at a single timepoint, 140 minutes 
after release, designated Rep140, is shown for both strains under both conditions (Figure 
2.1C).  
Checkpoint Signaling is not Sufficient to Produce Slowing 
DNA damage during S phase induces checkpoint signaling and activates the effector 
kinase Cds1 as measured by in vitro kinase assay (Lindsay et al., 1998).  Using an in vitro 
kinase assay to quantitate the activity of Cds1 immunoprecipitated from cell lysates, we 
confirmed that untreated wild-type cells display slightly increased, periodic kinase 
activity during S phase and strong activity when exposed to MMS during replication 
(Figure 2.1D and E).  rad3∆ strains failed to slow replication and displayed no increased 
Cds1 activity in unperturbed S phase or in response to DNA damage during replication 
(Figure 2.1D and E). 
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Although Cds1 activation correlates with replication slowing, exposure to ionizing 
radiation (IR) during S phase, which induces Cds1 signaling, does not induce slowing 
(Rhind and Russell, 1998a).  Therefore, we suspected that Cds1 signaling was not 
sufficient for slowing.  We tested for sufficiency by comparing S-phase slowing and 
Cds1 signaling responses to IR, bleomycin and MMS during S phase.  Exposing cells to 
200 Gray IR or 1 µg/ml of the IR-mimetic bleomycin, dosages capable of producing a 
mitotic delay, induces Cds1 kinase activity, but not slowing (Figure 2.2A and B).  
Bleomycin titration experiments show that 9 µg/ml produced Cds1 kinase activity 
equivalent to that in MMS-treated cells, but that activity was still not sufficient to induce 
a replication slowing response (Figure 2.2D and E).  Therefore, simply activating Cds1 is 
not sufficient to cause slowing of replication. 
Alternatively, in vitro Cds1 activity measured in response to bleomycin treatment may be 
qualitatively different from that produced in response to MMS treatment and may not be 
capable of producing replication slowing.  To test if generic Cds1 kinase activity was 
capable of producing a slowing response, we measured the effect of over-expressing 
Cds1 on replication progression.  Over-expression of Cds1 induces Cds1 kinase activity 
in the absence of upstream checkpoint signaling and induces both S-phase and G2/M 
phase checkpoint responses (Brondello et al., 1999; de Bruin et al., 2008). We over-
expressed Cds1 from the strong, thiamine-regulated nmt1 promoter in a rad3∆ 
background so that Cds1 activity could be ascribed to over-expression and not checkpoint  
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Figure 2.2.  Cds1 Activity is Necessary but Not Sufficient to Promote Replication 
Slowing. 
(A) Replication kinetics in wild-type cells (yFS162) treated with 0.03% MMS or 200 
gray of IR were assayed as in Figure 1.  (B) Cds1 kinase activity in wild-type cells 
(yFS162) treated as in (A).  (C) Cells cycle progression of wild-type cells (yFS105) 
irradiated as in (A) was followed by monitoring septation.  (D) Replication kinetics in 
wild-type cells (yFS162) treated with a range of bleomycin concentrations.  (E) Cds1 
kinase activity in the cells from (D) ayyaed as in Figure 1.  Plots represent the mean ± 
SEM of between 2 and 5 independent experiments done for each condition except for 9 
ug/ml bleomycin for which only a single experiment was conducted. (F) Replication 
kinetics in wild-type cells (yFS162) treated with a range of MMS concentrations and 
displayed as Rep140. 
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Figure 2.2.  Cds1 Activity is Necessary but Not Sufficient to Promote Replication 
Slowing 
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signaling.  To prevent a Cds1-induced G2 arrest, we used a genetic background in which 
the G2 arrest is overridden by deletion of mik1, a Cdc2 inhibitory tyrosine-kinase 
activated by Cds1, and overexpression of Pyp3, a Cdc2 activating tyrosine-phosphatase 
that can constitutively drive the G2/M transition (Rhind and Russell, 2001).  Cds1 over 
expression induces Cds1 kinase activity in the rad3∆ mutant with no significant increase 
in activity when cells are treated with MMS (Figure 2.3A).  Over-expressing Cds1 did 
not cause replication slowing, nor did MMS-treatment of the nmt1:cds1 rad3∆ cells when 
Cds1 is repressed.  However, MMS treatment of Cds1 over-expressing cells caused 
robust replication slowing (Figure 2.3B). Bleomycin treatment did not induce slowing 
upon Cds1 over-expression further suggesting that replication slowing requires a high 
density of DNA lesions (Figure 2.3B). Slowing displayed in the rad3∆  nmt1:GST:cds1 
mutant compared with wild-type controls was similar. Cds1 over-expression doesn’t 
cause increased slowing greater than that displayed normally in response to 0.03% MMS 
(Figure 2.3C).  Slowing displayed is kinase-dependent since over-expression of a kinase-
dead allele of cds1 failed to induce MMS-dependent replication slowing (Figure 2.3C).  
Although slowing is normally dependent upon the mediator protein Mrc1 (Figure 2.1C), 
slowing upon Cds1 over-expression is not, suggesting that Mrc1's main role in the 
checkpoint is the activation of Cds1 (Figure 2.3C). These results show that, although 
checkpoint signaling through Cds1 is necessary for slowing replication in response to 
DNA damage, Cds1 activity alone is not sufficient. 
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Figure 2.3.  Cds1 Over-expression Induces MMS-dependent Replication Slowing. 
(A) Asynchronous cultures of rad3∆  nmt1:GST:cds1 (yFS548) cells were grown without 
thiamine for 15 hours to induce cds1 expression prior to a 4 hour treatment with 0.03% 
MMS.  cds1 transcript levels were determined by northern blot, normalized against adh1 
transcript levels in each sample and then normalized to cds1 levels in the repressed 
culture.  Cds1 kinase activity was measured in the same cultures as inn Figure 1.  (B) 
Over-expression of Cds1 kinase activity causes slowing only in the presence of MMS.  
G1 synchronized rad3∆  nmt1:GST:cds1 (yFS548) cells were treated ± 0.03% MMS or 9 
ug/ml bleomycin and assayed for replication kinetics as in Figure 1. (C) Slowing 
observed in the the rad3∆  nmt1:GST:cds1 mutant is similar to that observed in 
nmt1:GST:cds1 control (yNW215) and the wild-type control (yFS162). Over-expression 
rescues the mrc1∆ slowing defect since mrc1∆ rad3∆ nmt1:GST:cds1 (yFS666) cells 
slow well whe treated ± 0.03% MMS. Slowing defects were rescued in the sfr1∆ rad3∆ 
nmt1:GST:cds1 and rqh1∆ nmt1:GST:cds1 strains but not the mus81∆  nmt1:GST:cds1 
strain when Cds1 was over-expressed. 
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Figure 2.3.  Cds1 Over-expression Induces MMS-dependent Replication Slowing. 
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Rqh1, Sfr1 and Mus81 are Required for the S-Phase DNA Damage Checkpoint 
Given that the recombinational repair complex MRN is required for replication slowing 
(Chahwan et al., 2003), we wished to assay other proteins involved in recombination.  
We conducted a survey of additional mutants involved in recombination.  We found three 
strains, rqh1∆, sfr1∆ and mus81∆ that do not slow replication in response to DNA 
damage (Figure 2.4A).  In addition to other mutants discussed below, we found a number 
of strains that display normal replication slowing in response to DNA damage, including 
swi6∆, clr4∆, swi9∆, swi10∆, srs2∆ and tel1∆.  Rqh1 is a DNA helicase implicated in 
replication fork stability and in negative regulation of recombination in response to 
replication stress (Murray et al., 1997).  Sgs1, the Rqh1 homolog in budding yeast, has 
been previously shown to be involved in replication slowing in response to MMS, 
although the replication slowing phenotype of sgs1∆ cell is much weaker than the of 
rqh1∆ cells (Frei and Gasser, 2000).  Sfr1 is a recently discovered mediator of the Rhp51 
recombinase (Akamatsu et al., 2003).  Mus81 is a structure specific endonuclease 
required for meiotic recombination and regulation of recombination in response to 
replication stress (Boddy et al., 2000; Gaillard et al., 2003; Kai et al., 2005).  Recent 
work supports a role for Mus81 in replication-dependent recombination between sister-
chromatids (Roseaulin et al., 2008).  mus81∆ strains do not slow replication in response 
to DNA damage; rqh1∆ and sfr1∆ strains display a strong defect with minor residual 
checkpoint-dependent slowing (Figure 2.4A and 2.4B). 
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To determine if Mus81's role in replication slowing depends on the known 
phosphorylation of Mus81 by Cds1, we assayed a mus81 point mutant for its ability to 
slow replication.  Mus81-T239A disrupts the ability of Cds1 to bind and phosphorylate 
Mus81 and causes hyper-recombination upon HU-induced replication arrest (Kai et al., 
2005).  We observe no defect in replication slowing in response to DNA damage in 
mus81-T239A cells, indicating that T239-dependent phosphorylation by Cds1 is not 
required for Mus81's role in replication slowing (Figure 2.4A). Mus81 forms a 
heterodimer with Eme1, which is required for in vitro endonuclease activity (Boddy et 
al., 2001).  Similar to Mus81, Eme1 is required for replication slowing (Figure 2.4A). 
Rqh1, Sfr1 and Mus81 are not Required for Cds1 Activation 
Since Cds1 activity is necessary for replication slowing in response to DNA damage, it 
was important to determine if rqh1∆, sfr1∆ and mus81∆ mutations influenced checkpoint 
signaling.  Both rqh1∆ and sfr1∆ strains displayed strong MMS-induced Cds1 signaling 
(Figure 2.4C).  In contrast, mus81∆ displayed 30 to 50% reduction in Cds1 kinase 
activity (Figure 2.4C).  However, mus81-T239A shows a reduction in Cds1 kinase 
activity similar to mus81∆ but slows replication normally.  Thus, reduced kinase activity 
is not sufficient to cause the slowing defect observed in the mus81∆ mutant (Figure 
2.4C).  These results suggest that Rqh1, Sfr1 and Mus81 act downstream of, or parallel 
to, the checkpoint kinase Cds1. 
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Figure 2.4.  Replication Slowing Requires the DNA Helicase Rqh1, the Mitotic 
Rhp51-mediator Sfr1 and the Structure-specific Endonuclease Mus81. 
(A) rqh1∆ (yFS545), sfr1∆ (yFS550), mus81∆ (yFS560) and mus81-T279A (yFS584) 
replication kinetics were assayed a in Figure 1. (B) Residual slowing in yFS545 and 
yFS550 is checkpoint dependent. sfr1∆ cds1∆ (yNW309) and rqh1∆ cds1∆ (yNW451) 
and mus81∆ cds1∆ (yNW480) mutants all fail to slow indicating the checkpoint is not 
required for efficient replication. (C) The same cultures in (A) were assayed for Cds1 
activity as in Figure 1.  Plots represent 2 independent experiments for mus81∆, mus81-
T239A and rqh1∆, and a single experiment for the sfr1∆ and rad3∆ mutants.
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Figure 2.4.  Replication Slowing Requires the DNA Helicase Rqh1, the Mitotic 
Rhp51-mediator Sfr1 and the Structure-specific Endonuclease Mus81. 
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Recombinases are not Required for Replication Slowing 
In contrast to the sfr1∆ mutant slowing defect, rhp51∆ mutants slow like wild-type 
(Figure 2.5A).  Rhp51, the S. pombe Rad51/RecA homolog, is the central mitotic 
recombinase required for the majority of homologous recombination events which occur 
in vegetative cells.  We found that the first rhp51∆ strain we tested failed to slow (Figure 
2.14A).  However, this phenotype is due to an unlinked modifier (N. Willis and N. Rhind, 
unpublished results).  We deleted rhp51 in a wild-type background and found no slowing 
defect (Figure 2.5A).  We used this allele for all our subsequent assays and crosses. 
To test for functional overlap between the mitotic recombinase Rhp51 and the related 
meiotic recombinase Dmc1, dmc1∆ and dmc1∆ rhp51∆ mutants were tested.  Both the 
single and double mutants slowed normally in response to MMS (Figure 2.6A).  To show 
that recombination is not required for checkpoint signaling, in vitro kinase assays were 
performed comparing rhp51∆ to wild-type strains.  rhp51∆ mutants displayed wild-type 
Cds1 activity upon exposure to DNA damage during replication (Figure 2.5C).  Thus, the 
recombinases are not required for replication slowing or to produce DNA structures 
required to activate the checkpoint. 
In addition to the Rhp51 recombinase, we tested if the central Rhp51 mediator, Rad22, 
was required for slowing.  Rad22 is the fission yeast homolog to budding yeast Rad52, 
which is responsible for loading Rhp51 onto 3’ end of ssDNA (Kim et al., 2002).  Some 
recombination events in fission yeast such as single-strand annealing are Rad22- 
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Figure 2.5.  Recombination is Not Required for Replication Slowing or S-phase 
DNA Damage Checkpoint Signaling, but Abrogation of Recombination Suppresses 
the Defects of the rqh1∆ and sfr1∆ Mutants. 
(A) rhp51∆ (yFS566), swi5∆ (yFS553) and swi1∆ (yFS356) replication kinetics were 
assayed as in Figure 1. (B)  Replication kinetics of sfr1∆ rhp51∆ (yFS578), sfr1∆ swi5∆ 
(yFS554), sfr1∆ swi1∆ (yFS622), rqh1∆ rhp51∆ (yFS569), rqh1∆ swi5∆ (yFS565), 
mus81∆ rhp51∆ (yFS579), mus81∆ swi5∆ (yFS581) strains.  (C) Cds1 kinase activity 
wild type (yFS162), rhp51∆ (yFS566), sfr1∆ (yFS550), swi5∆ (yFS553), sfr1∆ swi5∆ 
(yFS554) and rad3∆ (yFS260) strains were assayed as in Figure 1. 
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Figure 2.5.  Recombination is not Required for Replication Slowing or S-phase DNA 
Damage Checkpoint Signaling, but Abrogation of Recombination Suppresses the 
Defects of the rqh1∆ and sfr1∆ Mutants. 
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dependent but Rhp51-independent (Osman et al., 2000).  rad22∆ strains slowed normally 
indicating that neither Rhp51-dependent nor -independent recombination events are 
required for slowing (Figure 2.6A). 
The sfr1∆ and rqh1∆ Slowing Defects are Recombinase Dependent 
Although Rqh1, Sfr1 and Mus81 are required for replication slowing in response to DNA 
damage, homologous recombination itself is not.  Surprisingly though, Rhp51 is required 
for the sfr1∆ and rqh1∆ strains to display a slowing defect, since sfr1∆ rhp51∆ and 
rqh1∆ rhp51∆ double mutants slow in response to DNA damage (Figure 2.5B).  
Additionally, deletion of dmc1 also rescues the slowing defects of sfr1∆ and rqh1∆ 
mutants (Figure 2.6B).  Dmc1 has been characterized as a meiotic recombinase 
(Fukushima et al., 2000).  However, microarray transcriptional profiling has shown 
Dmc1 to be expressed in vegetative cells (Rustici et al., 2004). Unlike the sfr1∆ and 
rqh1∆ slowing defects, recombination is not required for the mus81∆ defect.  mus81∆ 
rhp51∆ and mus81∆ dmc1∆ strains still display the mus81∆ non-slowing phenotype 
(Figure 2.5B, 2.7B).  In addition, mus81∆ rad22∆ double mutants also display the 
mus81∆ non-slowing phenotype, indicating that neither Rhp51-dependent nor -
independent recombination events are required for mus81∆ cells to replicate quickly 
through damaged DNA (Figure 2.6D).  
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Figure 2.6.  Additional Results Illustrating the Genetic Interaction Between sfr1∆ 
and rqh1∆ Mutants and Recombination Mutants. 
(A) dmc1∆ (yFS562), rad51∆ dmc1∆ (yFS576) and the central recombinase mediator 
mutant rad22∆ (yFS601) all slow.  (B) sfr1∆ and rqh1∆ slowing defects are suppressed 
in the sfr1∆ dmc1∆ (yFS582) and the rqh1∆ dmc1∆ (yFS575) mutants.  mus81∆ 
phenotype is not suppressed in the mus81∆ dmc1∆ double mutant (yFS580).  (C) 
Alleviation of the rqh1∆ slowing defect by swi5∆ is not Sfr1 dependent.  Slowing is not 
displayed in the rqh1∆ sfr1∆ double mutant (yFS557) but is reestablished in the rqh1∆ 
sfr1∆ swi5∆ triple mutant (yFS571).  (D) The mus81∆ slowing defect is not rescued in 
the mus81∆ rad22∆ mutant (yFS603). 
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Figure 2.6.  Additional Results Illustrating the Genetic Interaction Between sfr1∆ 
and rqh1∆ Mutants and Recombination Mutants. 
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Recombinase Mutant Slowing and Suppression is Checkpoint Dependent. 
Slowing displayed by the recombinase mutants and suppressed sfr1∆ and rqh1∆ double 
mutants is checkpoint dependent. On a cds1∆ background rhp51∆, swi5∆ and dmc1∆ all 
failed to slow (Figure 2.7A). The suppression of the sfr1∆ and rqh1∆ slowing defects by 
rhp51∆ or dmc1∆ is also checkpoint-dependent since triple mutants harboring a deletion 
of cds1 fail to slow replication (Figure 2.7B). 
rad51∆ Does Not Suppress Other rqh1∆ Phenotypes 
rqh1∆ and sgs1∆ mutant defects in fission and budding yeasts are due to uncontrolled, 
unscheduled recombination (Gangloff et al., 2000; Hope et al., 2005). Many defects 
displayed by fission yeast rqh1∆ mutants are suppressed by deleting the Rhp51 mediators 
rhp55, rhp57 and swi5 (Maftahi et al., 2002; Doe and Whitby, 2004). The suppression of 
the rqh1∆ slowing defect in the rqh1∆ rhp51∆ double mutant (Figure 2.8A) prompted us 
to explore what other phenotypes might be suppressed by removing recombination. 
Although rhp51∆ strains are extremely sensitive to a wide-variety of DNA damaging 
agents, we wished to determine if DNA damage sensitivity of rqh1∆ strains was also tied 
to Rhp51. Removing recombination did not suppress the DNA damage sensitivities of the 
rqh1∆ mutant, nor restore doubling time to that of wild-type (Figure 2.8B). Anecdotally, 
rqh1∆ mutants mate and sporulate poorly regardless of genetic background (data not 
shown). 
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Figure 2.7.  Cds1 is Required for Replication Slowing. 
(A) Slowing displayed in the recombination mutants is checkpoint dependent and DNA 
damage dependent.  Mutants for rhp51, swi5, dmc1 and swi1 all display checkpoint 
dependent slowing since the double mutants rhp51∆ cds1∆ (yFS583), swi5∆ cds1∆ 
(yFS567), dmc1∆ cds1∆ (yFS574), and swi1∆ cds1∆ (yFS621) all fail to slow.  (B) 
Slowing displayed in the suppressed sfr1∆ and rqh1∆ strains is checkpoint dependent and 
DNA damage dependent.  Slowing displayed in suppressed sfr1∆ mutants is checkpoint 
dependent.  sfr1∆ rhp51∆ cds1∆ (yFS588), sfr1∆ swi5∆ cds1∆ (yFS568),  and sfr1∆ 
dmc1∆ cds1∆ (yFS589) mutants all fail to slow replication in response to DNA damage.  
Suppression of the rqh1∆ slowing defects by removing recombination is checkpoint 
dependent.  rqh1∆ rad51∆ cds1∆ (yFS577), rqh1∆ swi5∆ cds1∆ (yFS570), and rqh1∆ 
dmc1∆ cds1∆ (yFS573) strains all fail to slow. 
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Figure 2.7.  Cds1 is Required for Replication Slowing. 
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Figure 2.8.  Only the rqh1∆ Slowing Defect is Suppressed by Abrogation of 
Recombination. 
 
 
(A) Genetic interaction and an epistatic relationship was established between the rhp51∆ 
and rqh1∆ mutants. rqh1∆ (yNW154) fail to slow while both the rhp51∆ (yNW371) and 
the rqh1∆ rhp51∆ double mutant (yNW398) slow in response MMS. (B) Serial spotting 
comparing wild-type (yFS280), rqh1∆ (yNW154), rqh1∆ rhp51∆ (yNW235), rhp51∆ 
(yNW337) and rad3∆ (yFS260) sensitivity to a variety of insults. Rhp51∆ doesn’t 
suppress the sensitivity of the rqh1∆ mutant to any DNA damaging agent assayed. 
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The Swi2-Swi5 Complex is Required for Defects Displayed by sfr1∆ and rqh1∆ 
Mutants 
Since the sfr1∆ mutant displayed a failure to slow, we tested whether its partner Swi5 is 
also required for slowing.  Sfr1 and Swi5 have been shown to act as a heterodimer to 
promote Rhp51-dependent recombination in vegetative cells.  In vitro, this complex is 
able to load Rhp51 and Dmc1 onto ssDNA to promote strand-exchange reactions (Haruta 
et al., 2006).  Surprisingly, swi5∆ strains slowed like wild-type in a checkpoint-dependent 
manner indicating that Swi5 is not required for slowing in response to DNA damage  
(Figure 2.5A).  Furthermore, swi5 deletion suppressed the sfr1∆ slowing defect (Figure 
2.5B).  This result indicates that, like Rhp51 and Dmc1, Swi5 is required for the quick 
replication through damaged DNA displayed by sfr1∆ mutants.  Like sfr1∆, the rqh1∆ 
mutant defect is suppressed by swi5 deletion (Figure 2.5B).  Also, the rqh1∆ sfr1∆ 
double mutant failed to slow and the rqh1∆ swi5∆ sfr1∆ triple mutant slowed like wild-
type (Figure 2.6C).  Similar to the lack of suppression of the mus81∆ slowing defect by 
rhp51∆ or dmc1∆, swi5∆ had no effect on the failure of mus81∆ to slow (Figure 2.5B). 
The Rhp51 mediator Swi5 forms two independent protein complexes by binding to either 
Sfr1 or Swi2.  The Swi2-Swi5 complex is required for efficient mating-type switching, 
while the Swi5-Sfr1 complex promotes homologous recombinational repair (Akamatsu et 
al., 2003).  With only the sfr1∆ mutant displaying a slowing defect, and this phenotype 
being Swi5-dependent, we tested what role Swi2 played in Sfr1-dependent replication 
slowing.  swi2∆ single mutants slow normally and swi5∆ swi2∆ double mutant also 
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slowed indicating that the Swi5-Swi2 complex is not required for replication slowing in 
response MMS (Figure 2.9A).  Similar to swi5∆, deletion of swi2 suppresses the slowing 
defects of sfr1∆ and rqh1∆ but has no effect on the mus81∆ defect (Figure 2.9B). 
Replication Fork Protection is Required for sfr1∆ Slowing Defects 
To pause stably in the absence of deoxyribonucleotide, forks require Cds1 and the Fork 
Protection Complex comprising Swi1 and Swi3 (Noguchi et al., 2004).  To determine if 
fork stability plays a role in slowing in response to DNA damage, we tested the role of 
Swi1.  swi1∆ cells slow normally, indicating the Fork Protection Complex is not required 
for the checkpoint (Figure 2.5A).  However, Swi1 is required for sfr1∆ strains to fail to 
slow, much as Rhp51 is (Figure 2.5B).  Suppression of the rqh1∆ and mus81∆ strains by 
swi1∆ could not be determined since mus81∆ swi1∆ and rqh1∆ swi1∆ are synthetic lethal 
(N. Willis, unpublished data and Noguchi et al., 2004). 
Suppression of Slowing Defects does not Act by Modulation of Checkpoint Signaling 
Exposure to lower concentrations of MMS produces less slowing in wild-type strains 
suggesting that increased checkpoint signaling may lead to increased replication slowing 
(Figure 2.2F).  swi5∆ mutants display slightly increased checkpoint signaling over wild-
type (Figure 2.5C).  Increased checkpoint signaling strength may be related to increased 
replication slowing and could be responsible for the slowing displayed in the sfr1∆ swi5∆ 
double mutant.  However, suppression of the sfr1∆ defect does not correlate with  
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Figure 2.9.  The Swi5-Swi2 Complex is Required for the Defect Displayed in the 
sfr1∆ and rqh1∆ Mutants. 
 
 
 
(A) swi2∆ (yFS590) and swi5∆ swi2∆ (yFS592) replication kinetics.  (B) sfr1∆ swi2∆ 
(yFS594), rqh1∆ swi2∆ (yFS595), mus81∆ swi2∆ (yFS599) and sfr1∆ swi5∆ swi2∆ 
(yFS593) replication kinetics. 
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increased signaling since the sfr1∆ and sfr1∆ swi5∆ strains displayed a similar level of 
Cds1 kinase activity in response to MMS (Figure 2.5C). 
Suppression of Slowing Defects of sfr1∆ and rqh1∆ by Cds1 Over-expression 
Over-expression of Cds1 can restore slowing in the rad3∆ and mrc1∆ strains (Figure 
2.3B and 2.3C). We questioned whether over-expression could suppress the defects of the 
rqh1∆, sfr1∆ and mus81∆ strains. Cds1 over-expression was able to restore slowing in 
the sfr1∆ and rqh1∆ mutants but not the mus81∆ mutant (Figure 2.3C). This further 
supports our notion that Sfr1 and Rqh1 act downstream of the Cds1 checkpoint kinase. 
Trans-lesion Polymerases Do Not Contribute to Checkpoint Mutant Slowing Defects 
We have identified several proteins required for slowing replication in response to DNA 
damage. However, we have not identified any proteins required for the failure to slow 
displayed by the cds1∆ checkpoint kinase mutant. Translesion DNA polymerases 
promote replication in budding yeast when forks encounter UV lesions (Lopes et al., 
2006). So we hypothesized that since recombination is not required for cds1∆ slowing 
defect, perhaps translesion polymerases are recruited to stalled forks to allow easy bypass 
of alkyl adducts on template DNA. We investigated the role of the three translesion 
polymerases characterized in fission yeast, rev3∆, rad30∆ and mug40∆ (Kai and Wang, 
2003a; Kai and Wang, 2003b). Translesion polymerases were not required for slowing. 
Rev3∆, rad30∆ and mug40∆ single mutants all slowed well in response to MMS (Figure 
2.10A). The three polymerases were not required for cds1∆ strain to display its slowing  
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Figure 2.10.  Translesion Polymerase Activity is not Important in the S-phase DNA 
Damage Checkpoint. 
 
 
(A) The three translesion polymerases in fission yeast are not required for slowing. 
Rad30∆ (yNW539), rev3∆ (yNW647) and mug40∆ (yNW619) mutants all slow well. (B) 
Translesion polymerases do not promote a failure to slow (or fast replication by flow 
cytometry) in the absence of the checkpoint; the rad30∆ rev3∆ mug40∆ cds1∆ mutant 
(yNW669) still fails to slow in response to MMS. 
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defect since the rev3∆ rad30∆ mug40∆ cds1∆ strain still failed to slow in response to 
MMS (Figure 2.10B). It appears the translesion polymerases do not play a major role in 
replication slowing, either in promoting or preventing replication slowing. 
The Role of Other Rhp51 Mediators in Replication Slowing 
Given the importance of the Rhp51 mediator Sfr1 for replication slowing, we tested if 
additional Rhp51 mediator mutants were also required for slowing.  rhp54∆, rhp55∆ and 
rhp57∆ mutants all slow normally (Figure 2.11A).  To rule out redundant functions 
among the three mediators, double mutants were constructed and tested.  All double 
mutants slowed replication well (Figure 2.11A).  This data indicates that disruption of 
Rhp51 mediator activity does not necessarily impact the ability of cells to slow 
replication in response to DNA damage. 
DNA damage sensitivities displayed by the DNA helicase mutant rqh1∆ are 
recombination-dependent and alleviated by disruption of rhp51 or the recombinase-
mediators swi5 and rhp55 (Hope et al., 2005).  Individually, mutation of mediators rhp54, 
rhp55 or rhp57 on an rqh1∆ background did not suppress the rqh1∆ slowing defect. 
However, rqh1∆ mutants containing deletions for any two of the three recombinase 
mediators did slow (Figure 2.11B).  These data show that inhibition of recombination, 
either by deletion of swi5 or the disruption of several other mediators, prevents the rqh1∆ 
slowing defect.  A similar relationship was established between these mediators and Sfr1 
(Figure 2.11B). 
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Figure 2.11.  Additional Rhp51 Mediators Rhp54, Rhp55 and Rhp57 are not 
Required for Slowing Replication in Response to DNA Damage. 
(A) rhp54∆ (yFS547), rhp55∆ (yFS549) and rhp57∆ (yFS552) as well as rhp54∆ rhp57∆ 
(yFS604) and rhp55∆ rhp57∆ (yFS600) mutants all slow like wild-type.  Mutation in 
both rad57 and swi5 abolish all Rad51 foci in response to ionizing radiation and display 
rad51∆ mutant sensitivity to DNA damaging agents.  The swi5∆ rad57∆ mutant 
(yFS551) also displays wild-type replication slowing.  (B) Only double mutants of these 
Rhp51 mediators suppress the rqh1∆ and sfr1∆ slowing defects.  rqh1∆ rhp54∆ 
(yFS558), rqh1∆ rhp55∆ (yFS559) and rqh1∆ rhp57∆ (yFS561) still display slowing 
defects.  rqh1∆ rhp54∆ rhp57∆ (yFS564), rqh1∆ rhp54∆ rhp55∆ (yFS563), rqh1∆ 
rhp55∆ rhp57∆ (yFS572) and sfr1∆ rhp54∆ rhp57∆ (yFS602) all slow replication in 
response to DNA damage. 
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Figure 2.11.  Additional Rhp51 Mediators Rhp54, Rhp55 and Rhp57 are not 
Required for Slowing Replication in Response to DNA Damage. 
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Slowing of Replication does not Correlate with Resistance to DNA Damage 
The genetic interaction between recombinational repair genes and checkpoint-dependent 
slowing of replication raise the issue of whether slowing directly contributes to resistance 
to DNA damage.  To investigate the relationship between slowing and resistance, we 
assayed MMS sensitivity in various slowing and non-slowing strains.  We found no 
correlation between the ability to slow replication in response to DNA damage and 
sensitivity to MMS (Figure 2.12).  Both wild-type and the cds1∆ mutant, strains which 
slow and fail to slow respectively, tolerate acute exposure to MMS.  Conversely, the 
rhp51∆, and rqh1∆ mutants are both sensitive to MMS exposure yet the rhp51∆ strain is 
still able to slow replication in response to MMS.  These results show that slowing of 
replication is not necessary for cells to repair DNA damage and suggest that the choice 
between slowing and not slowing may instead reflect the choice between alternative 
repair pathways.  We speculate that survival of chronic exposure to much lower doses of 
MMS may correlated with slowing. Perhaps strains which slow at high doses of MMS 
would display much reduced mutation rates compared with mutants which fail to slow, 
when grown under such conditions. 
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Figure 2.12.  Slowing of Replication in Response to DNA Damage does not Correlate 
with Resistance to DNA Damage. 
 
 
 
 
 
Survival in response to acute exposure to 0.03% MMS in G1 synchronized cultures of 
wild-type (yFS162), cds1∆ (yFS543), rhp51∆ (yFS566), and rqh1∆ (yFS545) cells.  Cells 
were plated on YES after the indicated times and viability assayed by counting colonies 
after 4 days.  Strains capable of slowing replication are indicated by ‘+’ and strains which 
fail to slow replication in response to MMS are indicated by a '-'. 
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Discussion 
To investigate how fission yeast slows replication in the presence of DNA damage, we 
used a flow-cytometric assay of S-phase progression to determine the genetic 
requirements for this response.  We found several proteins involved in recombination to 
be required for replication slowing in response to DNA damage: the Mus81 
endonuclease, the Rqh1 helicase and the Sfr1 mediator.  We found recombination itself 
not to be required for slowing.  However, recombination is involved in the regulation of 
slowing in response to DNA damage as demonstrated by the epistatic relationship 
between the slowing phenotype displayed by rhp51∆ mutants and the non-slowing 
phenotype displayed by rqh1∆, sfr1∆ and mus81∆. 
Three Epistasis Groups Regulate Replication Slowing 
Our genetic analysis identified three epistasis groups with respect to S-phase-DNA-
damage-checkpoint regulated slowing of replication (Figure 2.13A).  Group I includes 
the cds1∆ and mus81∆ mutants, both of which display a non-slowing phenotype not 
suppressed by removing recombination.  Group II includes the rhp51∆ and dmc1∆ 
recombinase mutants, the swi2∆, swi5∆, rhp54∆, rhp55∆ and rhp57∆ mediator mutants 
and the swi1∆ Fork Protection Complex mutant, all of which slow replication in response 
to DNA damage.  Group III consists of the sfr1∆ and rqh1∆ mutants, which display a 
non-slowing phenotype similar to that of Group I except that it is dependent upon 
recombination.  Group I is epistatic to Group II since double mutants between members 
of each group display the Group I non-slowing phenotype. Group II is epistatic to Group  
  
80 
Figure 2.13.  An Epistatic Pathway and Genetic Model for Replication Slowing in 
Fission Yeast. 
(A) Three epistasis groups have been identified with respect to S-phase DNA damage 
checkpoint catalyzed slowing of replication. Group I includes the cds1∆ and mus81∆ 
mutants, both of which display a non-slowing phenotype not suppressed by removing 
recombination.  Group II includes the rhp51∆ and dmc1∆ recombinase mutants, the 
swi2∆, swi5∆, rhp54∆, rhp55∆ and rhp57∆ mediator mutants and the swi1∆ Fork 
Protection Complex mutant, all of which slow replication in response to DNA damage.  
Group III consists of the sfr1∆ and rqh1∆ mutants, which display a non-slowing 
phenotype similar to that of Group I except that it is dependent upon recombination.  
Group I is epistatic to Group II since double mutants between members of each group 
display the Group I non-slowing phenotype. Group II is epistatic to Group III since 
double mutants between members of these groups display the group II slowing 
phenotype.  (B) A model for checkpoint regulation of replication forks in response to 
DNA damage. Replication fork progression at sites of damage is regulated by a balance 
between the checkpoint, which promotes replication slowing at lesions, and 
recombination, which facilitates fast replication through damage. By default, replication 
forks traverse the genome quickly and bulk replication is completed quickly.  Replication 
slowing requires Cds1 checkpoint kinase activation and the Mus81 endonuclease, which 
promote slowing independent of recombination.  However, replication slowing does 
require negative regulation of recombination by Rqh1 and Sfr1. Recombination interferes 
with replication fork slowing when Rqh1 or Sfr1 are absent by allowing forks to replicate 
quickly through damaged DNA.  In this model, upon encountering DNA damage, 
replication forks serve as both the essential substrates for checkpoint activation and as the 
direct targets of the checkpoint.
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Figure 2.13.  An Epistatic Pathway and Genetic Model for Replication Slowing in 
Fission Yeast. 
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Figure 2.14.  Summary of Replication Slowing Data for all Strains Discussed. 
 
Rep140, the mean value for the 140 timepoint of each timecourse, in the presence or 
absence of MMS is displayed; the number of independent experiments is in parentheses 
after each strain name.  Error bars represent the SEM for 3 or more experiments, or the 
variance for strains for which only two experiments were performed. 
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III since double mutants between members of these groups display the group II slowing 
phenotype.  It should be noted that these epistasis groups are simply formal genetic 
relationships and do not imply any biochemical interactions.  For instance, Cds1 and 
Mus81 clearly have different biochemical roles in the checkpoint, but their genes have 
the same slowing phenotype and the same epistatic interactions with rhp51, therefore 
they are formally in the same epistasis group.  Moreover, although the genes in Groups I 
and III have the same phenotypes, they can be placed in separate groups because they 
have opposite epistatic interactions with the genes in Group II. 
Evidence for Reduction of Fork Rates as the Primary Mechanism For Slowing in 
Fission Yeast 
Consistent with the involvement of recombination proteins in the checkpoint, our Cds1 
over-expression results suggest the checkpoint acts locally at forks to slow replication.  A 
priori, the checkpoint could slow bulk replication by either reduction of fork rates or 
inhibition of origin firing.  Regulation of origin firing requires factors to act in trans to 
prevent origins from firing that may be physically distant from the DNA damage 
activating the checkpoint.  In contrast, regulation of replication fork progression could be 
local in nature, acting in cis with the DNA damage affected fork, changing the behavior 
of that fork to produce slowing; alternatively, it could be trans in nature, affecting the 
rate of all forks, regardless of whether they have encountered damage.  Our observations 
that DNA damage and checkpoint signaling are each necessary but not sufficient to 
induce slowing are more consistent with an in cis fork model.  An in trans model predicts 
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that all checkpoint-activating damage, and bleomycin-induced damage in particular, 
would cause slowing.  However, titration of bleomycin achieved strong checkpoint 
signaling, equivalent to that induced by MMS without causing replication slowing 
(Figure 2.2E). 
We suspect that differences in response to MMS and bleomycin are due to the 
quantitative differences between the lesions induced and not the type of damage produced 
(Figure 2.2D and Rhind and Russell, 1998a).  0.03% MMS and 200 J/m2 UV are each 
expected to produce tens of thousands of adducts leading to a lesion density of close to 
one every 500 bp (Courcelle et al., 2006).  Therefore, replication forks would frequently 
encounter damage and even minor slowing at each lesion could add up to a significant 
effect on bulk replication.  200 Gray IR and 1 µg/ml bleomycin, by contrast, are each 
expected to produce only about 15 double-strand breaks in a fission yeast genome 
(Povirk et al., 1977; Prise et al., 1998).  Even if each break permanently arrests two 
replication forks, such treatment would reduce the number of forks by only 5%, a 
reduction that would be undetectable with currently available techniques. 
To further discriminate between cis and trans effects on slowing, we measured slowing 
upon over-expression of Cds1.  Since Cds1 over-expression produces kinase activity 
capable of inducing a G2/M arrest and checkpoint transcription in the absence of DNA 
damage (Brondello et al., 1999; de Bruin et al., 2008), we determined if Cds1 over-
expression could produce slowing in the absence of DNA damage.  To exclude Rad3-
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dependent effects on Cds1 activity we over-expressed Cds1 on a rad3∆ background.  
Cds1 over-expression results in the accumulation of Cds1 kinase activity, but failed to 
induce damage-independent slowing, suggesting that kinase activity alone is insufficient 
to induce replication slowing (Figure 2.3B).  However, rad3∆ strains over-expressing 
Cds1 do slow in the presence of MMS, showing that over-expressed Cds1 activity is 
sufficient to produce slowing, but only in the presence of appropriate DNA damage 
(Figure 2.3B). Similarly, rad3∆ mrc1∆ double mutants over-expressing Cds1 also slow 
but only in response to DNA damage. Consistent with our in vivo data, high 
concentration of Cds1 in vitro stimulates Cds1 autophosphorylation and kinase activity 
(Xu et al., 2006). We propose that upon Cds1 over-expression, active Cds1 is able to 
interact with replication forks independently of the upstream checkpoint components 
Rad3 and Mrc1. The over-expression of a kinase-dead allele of Cds1 has no effect, 
suggesting that Cds1 has no kinase-independent role in the checkpoint (Figure 2.3C). We 
interpret these results to mean that Cds1 must be catalytically active at individual forks as 
they encounter damage in order for the forks to slow. Moreover, since Cds1 is activated 
in these experiments by over-expression and is not influenced by Rad3-dependent 
checkpoint signaling, these results cannot be affected by any potential qualitative 
difference in Cds1 signaling in response to MMS- and bleomycin-induced DNA damage.  
We believe our results are consistent with a model for global checkpoint signaling but 
inconsistent with in trans models of either global fork slowing or global origin inhibition. 
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Our Cds1 over-expression experiments also confirm the conclusion from previous work 
that Rad3 acts through Cds1 in the S-phase DNA damage checkpoint (Lindsay et al., 
1998; Martinho et al., 1998; Brondello et al., 1999).  These results show that Cds1 kinase 
activity is sufficient for replication slowing and suggest that Rad3 has no Cds1-
independent role in the checkpoint.  Conversely, the fact that normally-expressed Cds1 
shows no genetic or biochemical activity in the absence of Rad3, suggests that Cds1 
normally has no Rad3-independent function. 
Mutant defects suppressed by removing recombination were also found suppressed by 
Cds1 over-expression. Both sfr1∆ and rqh1∆ nmt1:cds1 strains slowed in response to 
MMS. However, the mus81∆ mutant still fails to slow when Cds1 is over-expressed 
(Figure 2.3C). This observation suggests any differences in the quality of Cds1 activity in 
these strains does not account for defects in slowing. This data strongly suggests that the 
target for Cds1 interaction at replication forks is still present in the sfr1∆ and rqh1∆ 
mutants. Negative regulation of Rhp51 activity seems reasonable, however the cds1∆ 
rhp51∆ double mutant still fails to slow. Since we show that the cds1∆ rhp51∆ mutant 
fails to slow, presumably Cds1 is positively regulating another checkpoint component 
rather than directly negatively regulating Rhp51. Combined, these observations implicate 
Mus81 is the primary Cds1 target but only if Cds1 were acting as a positive regulator. 
Cds1 activity may positively regulate Mus81 thereby negatively regulating replication 
fork processes that promote fast replication. Negative regulation of Mus81 activity has 
been previously reported in fission yeast response to fork arrest as part of the S-M 
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checkpoint (Boddy et al., 2000; Froget et al., 2008). In addition, failure to suppress the 
mus81∆ defect by Cds1 over expression places Mus81 downstream of Cds1 in a pathway 
promoting replication slowing. 
An alternate model to explain the failure to slow bulk replication displayed by the rqh1∆, 
sfr1∆ and mus81∆ mutants is that fork slowing is the primary mechanism of the 
checkpoint in wild-type cells, but that the failure to slow in checkpoint mutants is due to 
an abnormal increase in origin firing, not a decrease in fork slowing.  Deregulation of 
origin firing would allow for more origins to fire than normal, more forks to be produced 
in the presence of damage and fast bulk S-phase progression even though individual forks 
are slowed.  This model is motivated by the observation that in budding yeast, MMS 
causes a reduction in fork rates independent of checkpoint activity (Tercero and Diffley, 
2001).  However, several observations suggest that deregulated origin firing is not the 
cause of the failure to slow seen in fission yeast checkpoint mutants.  First, even if all 
dormant origins were to fire, it would only increase the total number of forks by about 3 
fold (Heichinger et al., 2006)  – not enough to compensate for the greater than two hour 
S-phase delay caused by MMS treatment.  Second, the requirement for the three 
recombinational regulators for slowing and the genetic interaction between rqh1∆, sfr1∆ 
and rhp51∆ suggest that suppression of slowing involves strand exchange between 
nascent chromatids.  Third, if slowing were produced by a combination of origin firing 
inhibition and slowing of forks (either in a local or global manner) then over-expression 
and activation of Cds1 would be expected to produce a partial slowing phenotype, which 
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it does not.  Taken together, all of these observations suggest that failure to slow in 
mutants that disrupt the S-phase DNA damage checkpoint is caused by an increase in the 
rate of replication fork progression.  Nonetheless, because our flow-cytometry assay 
measures only bulk replication, we can not rule out more complicated possibilities.  A 
rigorous demonstration of fork slowing and its abrogation in checkpoint mutants will 
require direct measurement of fork rates, which has not yet been reported in fission yeast. 
A Model for the Regulation of Replication Slowing In Response to DNA Damage 
We propose the following model for checkpoint-dependent replication slowing in which 
replication fork progression at sites of damage is regulated by a balance between the 
checkpoint, which promotes replication slowing at lesions, and recombination, which 
facilitates fast replication through damage (Figure 2.13B).  We imagine that leading-
strand lesions would have a much greater affect on bulk replication speed, because 
lesions on the lagging strand can be easily bypassed by repriming.  By default, replication 
forks traverse the genome quickly and bulk replication is completed in about 20 minutes, 
even in the presence of DNA damage (Figure 2.1).  Replication slowing requires Cds1 
checkpoint kinase activation and the Mus81 endonuclease, which promote slowing 
independent of recombination.  However, replication slowing does require negative 
regulation of recombination by Rqh1 and Sfr1.  In particular, recombination interferes 
with replication fork slowing when Rqh1 or Sfr1 are absent by allowing forks to replicate 
quickly through damaged DNA (Figure 2.13B).  In this model, upon encountering DNA 
damage, replication forks serve as both the essential substrates for checkpoint activation 
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and as the direct targets of the checkpoint (Tercero et al., 2003).  It is possible that the 
decision to replicate damaged DNA slowly or quickly is an entirely local one – that 
checkpoint activation at a single fork is sufficient to cause that fork to slow and may not 
significantly effect the rest of the cell.  Alternatively, it may be necessary to have a 
threshold level of checkpoint signaling in the cell for any fork to slow, thereby limiting 
replication slowing to situations in which multiple forks are encountering damage 
(Shimada et al., 2002).  Distinguishing these two possibilities will require techniques that 
can assay the slowing of individual replication forks. 
The biological function of such a model is unclear, especially since we find no 
correlation between ability to slow replication and resistance to MMS (Figure 2.12).  
Several extremely sensitive mutants slow well, while others not sensitive fail to slow.  
We attribute the DNA damage sensitivity in our strains to a DNA damage repair defect in 
G2 and speculate that any benefit from slowing replication is masked by the greater 
importance of the G2 repair.  This lack of correlation between slowing and resistance has 
been observed in mammalian cells, as well.  However, human patients that lack the S-
phase DNA damage checkpoint are predisposed chromosome rearrangements and early-
onset cancers, suggesting that the checkpoint may prevent genome instability associated 
with DNA repair (Tauchi et al., 2002). 
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Rqh1 May Promote Slowing Through Negatively Regulating Recombination 
We propose that the Rqh1 helicase serves to negatively regulate recombination to 
promote replication slowing in response to DNA damage.  Both budding yeast sgs1∆ and 
fission yeast rqh1∆ helicase mutants display genetic interaction with recombination 
mutants (Gangloff et al., 2000; Doe and Whitby, 2004; Hope et al., 2005).  In general 
rqh1∆ defects appear to stem from unrestrained recombination.  rqh1∆ mutant 
phenotypes, including hyper-recombination and sensitivity to DNA damaging agents and 
replication arrest, are recombination-dependent and are rescued by deletion of rhp55, 
rhp57 or swi5 (Maftahi et al., 2002; Hope et al., 2005).  From these observations, Rqh1 is 
believed to negatively regulate recombination.  Here, we expand this genetic interaction 
to include the rqh1∆ mutant non-slowing phenotype which is also dependent upon 
recombination. In the absence of Rqh1-dependent inhibition, recombination could 
facilitate quick replication of a damaged DNA by template switching (Branzei and 
Foiani, 2007). 
We propose that Rqh1 prevents the production or metabolism of recombination 
intermediates which perturb slowing.  Rqh1 activity may slow replication of damaged 
templates by preventing DNA lesion bypass catalyzed by recombination between nascent 
sister-chromatids.  rqh1∆ phenotypes implicate this helicase in proper replication fork 
metabolism involving recombination when the fork is arrested with HU or challenged by 
UV (Doe et al., 2000).  The suppression of the rqh1∆ defect by removing recombination 
implies recombination provides a mechanism to circumvent DNA damage allowing 
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replication through damaged template quickly.  While Rqh1 normally prevents 
recombination-dependent exchange from allowing rapid replication of damaged DNA, on 
an rqh1∆ or cds1∆ background such exchanges would allow for fast replication.  A 
promising candidate for structures allowing for easy chromatid exchange is a cross-over 
event between sister-chromatids called sister-chromatid joint molecules.  These 
molecules are X-shaped HJ-like intermediates found during replication in both budding 
and fission yeasts.  Sister-chromatid joint molecules form at origins in a replication and a 
recombination-dependent manner (Segurado et al., 2002).  In budding yeast, these joint 
molecules are reported to “chase” ongoing replication forks and accumulate upon 
treatment with MMS in a recombination-dependent fashion (Lopes et al., 2003).  These 
X-shaped structures abnormally accumulate and persist in sgs1∆ mutants upon MMS 
treatment and this accumulation is recombination-dependent and greatly reduced in a 
sgs1∆ rad51∆ double mutant (Liberi et al., 2005).  Importantly, this observation suggests 
a correlation between excessive, deregulated recombination producing these structures 
and the failure to slow replication in the rqh1∆ mutant.  Our data suggests that by default 
replication forks progress quickly.  The requirement for recombination for fast replication 
in the rqh1∆ mutant in the presence of damage suggests that recombination itself is a 
normal event and not pathological or unusual in nature.  We speculate that negative 
regulation of Swi2-Swi5 mediated recombination prevents sister-chromatid exchange and 
lesion bypass during replication allowing fork rates to be reduced and bulk replication to 
be slowed. 
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Recombination May Promote DNA Lesion Bypass Independent of Strand Exchange 
We speculate that recombination promotes quick replication through damaged template 
by catalyzing sister-chromatid-mediated strand-switching of polymerases allowing for 
bypass of DNA damage. Recombination could also catalyze polymerase bypass of DNA 
damage without strand exchange occurring.  Recently, the bacterial recombinase RecA 
has been proposed to allow bypass of DNA damage on the leading strand after leading 
and lagging strand polymerases become uncoupled (Heller and Marians, 2006; 
McInerney and O'Donnell, 2007).  RecA forms a filament on ssDNA produced upon 
stalling of the leading strand polymerase and may facilitate a processivity switch 
allowing that polymerase to disassociate from DNA and restart downstream of the lesion.  
Limiting recombinase filament formation may prevent bypass essentially preventing 
quick replisome movement through damaged template. 
Mus81 Mutants Display Defects Independent of Recombination 
We propose mus81∆ defects stem from a failure to cleave replication intermediates 
arising when replication forks encounter DNA damage.  Our observation that mus81∆ 
slowing defect is recombination independent is not without precedent.  Previously, 
Mus81 has been shown to cleave DNA independently of recombination; Mus81 DNA 
cleavage products are still observed in rad22∆ mutants in which all recombination 
events, both Rhp51-dependent and Rhp51-independent, have been abolished (Froget et 
al., 2008).  Mus81 must act on structures that form independently of recombination since 
recombination is not required for slowing.  In vitro, Mus81 is shown to cleave a variety 
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of 3 and 4-branched DNA structures reminiscent of replication fork intermediates 
including regressed forks which may form when forks encounter DNA damage (Doe et 
al., 2002; Gaillard et al., 2003; Whitby et al., 2003).  mus81∆ defects may stem from the 
inappropriate metabolism of these substrates.  Like rqh1∆ mutants, mus81∆ mutants 
display increased accumulation of X-shaped replication intermediates (Boddy et al., 
2000; Gaillard et al., 2003; Noguchi et al., 2004).   Accumulation of these aberrant 
intermediates may correlate with failure to slow replication. 
The Rhp51-Mediator Sfr1 and its Relationship with the Swi2-Swi5 Complex 
Disruption of sfr1 does not have the same consequences for replication slowing as 
deletion of the other recombinase mediators, therefore Sfr1 must serve a unique function, 
presumably as a heterodimer with Swi5 since it has no characterized role independent of 
Swi5.  Our genetic results suggest that Sfr1 acts to negatively regulate recombination.  It 
is possible that Sfr1-Swi5 can both positively and negatively regulate recombination, and 
that its negative role functions in the checkpoint.  Alternatively, Sfr1 may play no direct 
role in the checkpoint.  Instead, it may indirectly inhibit Swi2-Swi5 by simply 
sequestering Swi5, thereby preventing Swi5-Swi2 complex formation. This model 
assumes that the Swi2-dependent, mating-type switching function of Swi5 is involved in 
replication slowing, not the Sfr1-dependent, recombination-repair function (Akamatsu et 
al., 2003; Akamatsu et al., 2007).  This mechanism would provide a simple explanation 
why only a single Rhp51 mediator, Sfr1, would be required for slowing while others are 
not. 
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Mechanisms for Fast Replication Through Damaged DNA in the Absence of 
Recombination 
The mechanisms of recombination-dependent DNA damage bypass discussed above do 
not explain the quick replication displayed by the rhp51∆ cds1∆ or rhp51∆ mus81∆ 
double mutants.  In these cells, DNA lesions blocking fork progression must be dealt with 
in an Rhp51-independent manner.  One possibility might be replication by translesion 
synthesis polymerases.  However, we see no evidence for involvement of translesion 
synthesis in the quick replication of cds1∆ cells.  A quadruple mutant lacking Cds1 and 
the three defined TLS polymerases eta, zeta and kappa (Kai and Wang, 2003a) still fails 
to slow in response to MMS treatment, indicating that TLS activity is not required for fast 
replication in the absence of the checkpoint (Figure 2.10).  Alternatively, fork collapse 
and reassembly, termed break-induced replication, could account for quick replisome 
movement along damaged template and bypass of DNA damage.  Break-induced 
replication can occur in both an Rhp51-dependent and independent manner (Signon et al., 
2001; Davis and Symington, 2004; Cortes-Ledesma et al., 2007) and cds1∆ mutants 
display increased fork instability upon replication arrest (Noguchi et al., 2003).  
However, fork stabilization per se, dependent on the Fork Protection Complex protein 
Swi1, is not required for slowing (Figure 2.5A).  Finally, Rhp51-independent leading-
strand repriming, in the absence of fork collapse, could allow rhp51∆ cds1∆ and rhp51∆ 
mus81∆ cells to replicate damaged DNA quickly. 
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Comparison of S-phase DNA Damage Checkpoints in Fission Yeast, Budding Yeast 
and Vertebrates 
DNA damage induced slowing of replication is a widely conserved checkpoint response.  
However, the details of the response differ between fission yeast, budding yeast and 
metazoa.  The checkpoint in vertebrates appears to involve two parallel mechanisms: one 
regulating origin firing and one involving fork slowing and recombination. Contribution 
of these two mechanisms to replication slowing appears to change with differing 
damaging agents and doses (Falck et al., 2002; Merrick et al., 2004).  In response to cis-
platin and UV, slowing appears to be largely fork-dependent and to require 
recombination proteins (Henry-Mowatt et al., 2003).  In contrast, low doses of IR trigger 
an origin-based response (Merrick et al., 2004) and higher doses of IR may affect fork 
progression in addition to origin firing (Falck et al., 2002).  In budding yeast, replication 
is slowed in response to different DNA damaging agents including MMS and bleomycin 
(Andrews and Clarke, 2005). Both reduction in origin firing and checkpoint independent 
fork slowing contribute to slowing in response to MMS (Tercero and Diffley, 2001). In 
contrast to budding yeast and metazoa, fission yeast slows replication only in response to 
MMS and not the double-strand break producing agents IR and bleomycin.  We attribute 
this slowing to direct regulation of replication fork progression.  The fact that fission 
yeast appears to regulate primarily replication forks makes it an excellent model 
organism for the exploration of replication fork regulation by the S-phase DNA damage 
checkpoint. 
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In conclusion, our data shows that regulation of recombination plays an important 
downstream role in the S-phase DNA damage checkpoint.  Involvement of helicases, 
endonucleases, recombinases and recombinase mediators in the S-phase DNA damage 
checkpoint implicates recombination as an important factor in regulating the slowing of 
replication in response to DNA damage and further strengthens the notion that the 
replication slowing we observe is primarily produced by a coordinated response at 
replication forks.  Slowing is likely due to a rapid and local response at replication forks 
encountering damage through the regulation of recombinational exchange between 
replicating sister-chromatids. 
  
97 
Table 2.1.  Strains used in Chapter II 
strain genotype 
yNW022 h-smt0 leu-32 ura4-D18 cdc10-M17 rad22::ura4 
yNW087 h+ leu1-32 ura4-D18 rhp51::ura4 
yNW156 h+ leu1-32 ura4-D18 cdc10-M17 srs2::LEU2 
yNW215 h+ leu1-32 ura4-? mik1::ura4 nmt1:pyp3(kanMX6) cdc10-M17 
leu1::pBF162(nmt1:GSTcds1 (leu)) 
yNW224 h- ura4-D18 cdc10-M17 rad54::ura4 rhp55::ura4 
yNW225 h+ leu1-32 ura4-D18 his3-D1 arg3-D1 cdc10-M17 rad54::ura4 
rad57::his3 
yNW229 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 rhp51::ura4  
yNW235 h+ leu1-32 ura4-? cdc10-M17 rhp51::ura4 rqh1::ura4 
yNW237 h+ leu1-32 ura4-D18 ade6-216 his3-D1 cdc10-M17 rhp55::ura4 
rad57::his3 
yNW266 h- leu1-32 ura4-D18 cdc10-M17 cds1::ura4 srs2::LEU2 
yNW298 h+ leu1-32 ura4-D18 ade-210 or M387 his3-D1 cdc10-M17 
swi9::ura4 
yNW309 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 cds1::kanMX6 sfr1::ura4 
yNW349 h+ leu1-32 ura4-D18 ade6-M210 or 216 his7-366 rad51::kanMX6 
yNW351 h+ leu1-32 ura4-D18 ade6-M210 or 216 his7-366 rad51::natR 
yNW353 h+ leu1-32 ura4-D18 ade6-M210 or 216 his7-366 
nmt41::HA:rhp51(kanMX6) 
yNW355 h- leu1-32 ura4-D18 ade6-M210 or 216 his7-366 
nmt81::HA:rhp51(kanMX6) 
yNW357 h+ leu1-32 ura4-D18 fbh1::LEU2 
yNW412 h- leu-32 ura4-D18 his3-D1 cdc10-M17 sfr1::ura4 swi5::his3 
rqh1::ura4 
yNW451 h+ leu1-32 ura4-D18 cdc10-M17 cds1::kanMX6 rqh1::ura4 
yNW480 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 cds1::ura4 
mus81::kanMX6 
yNW487 h- leu1-32 ura4-D18 cdc10-M17 rqh1::ura4 srs2::LEU2 
yNW490 h- leu1-32 ura4-D18 his3-D1 cdc10-M17 sfr1::ura4 srs2::LEU2 
yNW497 h- leu1-32 ura4-D18 cdc10-M17 srs2::LEU2 mus81::kanMX6 
yNW503 h+ leu1-32 ura4-D18 ade6-M210 his3-D1 cdc10-M17 swi10::ura4 
yNW539 h- leu1-32 ura4-D18 his3-D1 cdc10-M17 srs2::LEU2 
yNW563 h- leu1-32 ura4-D18 cdc10-M17 cds1::kanMX6 rqh1::ura4 
srs2::LEU2 
yNW565 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17cds1::kanMX6 sfr1::ura4 
srs2::LEU2 
yNW571 h- leu1-32 ura4-D12 his3-D1 arg3-D1 cdc10-M17 swi6::arg3 
yNW604 h+ leu1-32 ura4-D18 his3-D1 arg3-D1 cdc10-M17 swi6::arg3 
sfr1::ura4 
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yNW605 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 eme1::ura4 
yNW609 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 TAP2FLAG:eme1 S169A 
S189A S220A S259A S301A S316A 
yNW619 h+ leu1-32 ura4-D18 ade6? his3-D1 cdc10-M17 mug40::hyg 
yNW636 h- leu1-32 ura4-D18 ade6 - M210 his3-D1 cdc10-M17 clr4::LEU2 
yNW644 h- leu1-32 ura4-D18 his3-D1 cdc10 -M17 clr4::LEU2 sfr1::ura4 
yNW647 h+ leu1-32 ura4-D18 ade6 - 216 cdc10-M17 rev3::kanMX6  
yNW669 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 cds1::ura4 mug40::hyg 
rev3::kanMX6 (bioneer) rad30::kanMX6::nmt41:eso1  
yNW776 h+ leu1-32 ura4-D18 cdc10-M17 TAP2FLAG:eme1 S169A S189A 
S220A S259A S301A S316A mus81ADID:myc:KanMX6 (T279A) 
yNW802 h- leu1-32 ura4-D18 ade6-210 or 704cdc10-M17 mus81::kanMX6 
yNW803 h- leu1-32 ura4-D18 ade6-210 or ade7-152 cdc10-M17 
mus81::kanMX6 
yNW836 h- leu1-32 ura4-D18 ade6 - M210 or 216 his3-D1 cdc10-
M17cds1::ura4 hrq1::kanMX6 
yNW838 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 hrq1::kanMX6 sfr1::ura4 
yNW865 h+ ura4-D18 his3-D1 cdc10-M17 hrq1::kanMX6 rqh1::ura4 
yNW875 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 rad60-1 
yNW878 h+ leu1-32 ura4-D18 ade6-M210 his3-D1 cdc10-M17smc6-x 
yNW883 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 rad60-2A:13myc 
(KanMX6) T72A S126A 
  
yFS105 h+ leu1-32 ura4-D18 
yFS162 h- leu1-32 ura4-D18 ade6-210 cdc10-m17 
yFS260 h- leu1-32 ura4-D18 cdc10-m17 rad3::ura4 
yFS337 h+ leu1-32 ura4-D18 cdc10-m17 rhp51::ura4 
yFS356 h+ leu1-32 ura4-D18 ade6-210 cdc10-m17 swi1::kanMX6 
yFS543 h+ leu1-32 ura4-D18 ade6-210 cdc10-m17 cds1::ura4 
yFS544 h- smt0 leu1-32 ura4-D18 ade6-M210 cdc10-m17 rhp51::ura4 
yFS545 h- leu1-32 ura4-? cdc10-m17 rqh1::ura4 
yFS547 h+ leu1-32 ura4-? D18 cdc10-m17 rhp54::ura4 
yFS548 h- leu1-32::pBF162 (nmt1:GSTcds1 leu1) ura4-? cdc10-m17 
nmt1:pyp3 (KanMX6) mik1::ura4 rad3::ura4 
yFS549 h- ura4-D18 cdc10-m17 rhp55::ura4 
yFS550 h-smt0 leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 
yFS551 h-smt0 leu1-32 ura4-D18 his3-D1 arg3-D1 cdc10-m17 swi5::ura4 
rhp57::his3 
yFS552 h-smt0 leu1-32 ura4-D18 his3-D1 arg3-D1 cdc10-m17 rhp57::his3 
yFS553 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 swi5::his3 
yFS554 h-smt0 leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 swi5::his3 
yFS557 h+ leu1-32 ura4-? cdc10-m17 rqh1::ura4 sfr1::ura4 
yFS558 h+ leu1-32 ura4-? cdc10-m17 rqh1::ura4 rhp54::ura4 
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yFS559 h+ leu1-32 ura4-? ade6-m210 cdc10-m17 rqh1::ura4 rhp55::ura4 
yFS560 h- leu1-32 ura4-D18 ade6-? cdc10-m17 mus81::kanMX6 
yFS561 h+ leu1-32 ura4-? arg3-D1 cdc10-m17 rqh1::ura4 rhp57::his3 
yFS562 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 dmc1::ura4 
yFS563 h+ leu1-32 ura4-? cdc10-m17 rqh1::ura4 rhp54::ura4 rhp55::ura4 
yFS564 h- leu1-32 ura4-? arg3-D1 cdc10-m17 rqh1::ura4 rhp54::ura4 
rhp57::his3 
yFS565 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 rqh1::ura4 swi5::his3 
yFS566 h+ leu1-32 ura4-D18 ade6-? his7-366 cdc10-m17 rhp51::natMX6 
yFS567 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 swi5::his3 cds1::ura4 
yFS568 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 swi5::his3 
cds1::kanMX6 
yFS569 h+ leu1-32 ura4-D18 his7-366 cdc10-m17 rqh1::ura4 
rhp51::natMX6 
yFS570 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 rqh1::ura4 swi5::his3 
cds1::kanMX6 
yFS571 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 rqh1::ura4 sfr1::ura4 
swi5::his3 
yFS572 h+ leu1-32 ura4-D18 ade6-? his3-D1 cdc10-m17 rqh1::ura4 
rhp55::ura4  rhp57::his3 
yFS573 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 rqh1::ura4 dmc1::ura4 
cds1::kanMX6 
yFS574 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 dmc1::ura4 cds1::kanMX6 
yFS575 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 rqh1::ura4 dmc1::ura4 
yFS576 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 dmc1::ura4 
rhp51::natMX6 
yFS577 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 rqh1::ura4 
rhp51::natMX6 cds1::kanMX6 
yFS578 h- leu1-32 ura4-D18 ade6-? his3-D1 cdc10-m17 sfr1::ura4 
rhp51::natMX6 
yFS579 h- leu1-32 ura4-D18 ade6-210 his3-D1 cdc10-m17 rhp51::natMX6 
mus81::kanMX6 
yFS580 h- leu1-32 ura4-D18 cdc10-m17 mus81::kanMX6 dmc1::ura4 
yFS581 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 mus81::kanMX6 
swi5::his3 
yFS582 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 dmc1::ura4 
yFS583 h+ leu1-32 ura4-D18 cdc10-m17 rhp51::natMX6 cds1::kanMX6 
yFS584 h+ leu1-32 ura4-D18 cdc10-m17 mus81-T239A:myc (kanMX6) 
yFS588 h-smt0 leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 
rhp51::natMX6 cds1::kanMX6 
yFS589 h-smt0 leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 dmc1::ura4 
cds1::kanMX6 
yFS590 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 swi2::ura4 
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yFS592 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 swi5::his3 swi2::ura4 
yFS593 h-smt0 leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 swi5::his3 
swi2::ura4 
yFS594 h-smt0 leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 swi2::ura4 
yFS595 h- ura4-D18 his3-D1 cdc10-m17 rqh1::ura4 swi2::ura4 
yFS599 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 mus81::kanMX6 
swi2::ura4 
yFS600 h- leu1-32 ura4-D18 ade6-? his3-D1 cdc10-m17 rhp55::ura4 
rhp57::his3 
yFS601 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 rad22::ura4 
yFS602 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 sfr1::ura4 rhp54::ura4 
rhp57::his3 
yFS603 h- leu1-32 ura4-D18 ade? his3-D1 cdc10-m17 mus81::kanMX6 
rad22::ura4 
yFS604 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 rhp54::ura4 rhp57::his3 
yFS621 h+ leu1-32 uar4-D18 cdc10-m17 swi1::kanMX cds1::ura4 
yFS622 h+ leu1-32 uar4-D18 his3-D1 cdc10-m17 sfr1::ura4 swi1::kanMX 
yFS664 h+ leu1-32::pBF260 (nmt1:GSTcds1KD leu1) ura4-? cdc10-m17 
nmt1:pyp3 (KanMX6) mik1::ura4 rad3::ura4 
yFS665 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 mrc1::kanMX6 
yFS666 h- leu1-32::pBF162 (nmt1:GSTcds1 leu1) ura4-? cdc10-m17 
nmt1:pyp3 (KanMX6) mik1::ura4 rad3::ura4 mrc1::kanMX6 
yFS667 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 eme1::ura4 
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Appendix 2.1.  Cds1 Targets and Slowing 
Introduction and Rationale 
The S-phase specific transducer kinase Cds1 is required to stabilize stalled forks and to 
slow replication in response to DNA damage. Most proteins characterized to be 
downstream of Cds1 or to act as direct Cds1 targets are involved or implicated in 
recombinational repair, stalled and arrest fork metabolism or chromatid cohesion (Kai 
and Wang, 2003b). Proteins regulated by Cds1 include Mus81-Eme1 (Boddy et al., 
2000), Rad60 (Morishita et al., 2002; Boddy et al., 2003), and Rqh1 (Stewart et al., 
1997). The Mus81-Eme1 heterodimer is a structure specific endonuclease which cleaves 
three and four branched structures reminicient of replication forks and recombination 
intermediates (Boddy et al., 2001). Rad60 is required for recombinational repair during S 
phase, is a target for Cds1 in the regulation of recombination in response to HU, and 
associates with the Smc5/6 heterodimer (Boddy et al., 2003; Ampatzidou et al., 2006). 
Loss of Rad60 activity leads to aberrant recombination and production of DNA damage 
that does not activate S-phase DNA damage response (Miyabe et al., 2006). The Smc5/6 
complex is one of three conserved structure maintenance of chromosome complexes 
which is required for efficient repair by homologous recombination and ascribed both 
positive and negative roles in recombination and stalled fork metabolism (Ampatzidou et 
al., 2006; Pebernard et al., 2006; Sollier et al., 2009). 
Rad60, Rad62 and Smc5/6 complex all interact transiently and regulate recombination 
and fork metabolism (Boddy et al., 2003; Morikawa et al., 2004; Ampatzidou et al., 
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2006). High throughput proteomics identified Hrq1, Swi6, Rad22 and Sfr1 as potential 
phosphorylation targets of Cds1 in response to IR in G2 or HU block (A. Carr, personal 
communication).  
Materials and Methods 
Cells were synchronized using transient cdc10-m17 arrest and centrifugal elutriation as 
previously described (Willis and Rhind, 2009). 
Results and Discussion 
We determined if Mus81 or Eme1 phosphorylation was required for slowing or if 
multiple mutations encompassing all known Cds1 phosphorylation sites on the Mus81-
Eme1 heterodimer were required for replication slowing. We have only published results 
for a single potential Cds1 target for slowing defects. We found the Mus81-T239A 
mutant slows well in response to MMS (Figure 2.4A). We wished to determine if mutants 
harboring additional Eme1 point mutations slowed and if Rad60 or Smc6 were required 
for slowing in response to MMS. Either individually or as a multiple mutant, mus81 eme1 
mutants slowed well indicating that phosphorylation of these sites is not required for 
slowing (Figure 2.15B). This suggests Cds1 regulation of the Mus81-Eme1 complex is 
not required for slowing.  
Slowing was also measured in hypomorphs or point mutants of rad60 and smc6 since 
both are essential genes in fission yeast. Both the Rad60-1 and Rad60-2A mutants slowed  
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Figure 2.15.  Analysis of Cds1 Phospho-Targets for Slowing. 
(A) Diagram of known and putative Cds1 targets and reported functions. (B) Controls for 
mus81∆ (yFS560) and eme1∆ (yNW605) are shown which fail to slow in response to 
MMS. Mus81 and Eme1 mutants for Cds1 phosphorylation targets were evaluated for 
slowing. Mus81-T239A (yFS584), eme1-6A (S169A S189A S220A S259A S301A S316A) 
(yNW609) and the doubly mutated strains (yNW776) all slow well. (C) Rad60-1 
(yNW875) and rad60-2A (yNW883) mutants slow well while smc6-x (yNW878) mutants 
fail to slow. 
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Figure 2.15.  Analysis of Cds1 Phospho-Targets for Slowing. 
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well indicating that Rad60 is not required for slowing. However, Smc6-x mutants failed 
to slow (Figure 2.15C). 
Presumably Cds1 regulates downstream proteins to prevent stalled replication forks 
degrading or conforming into structures allowing fast replication. Cds1 may positively 
regulate protein target function to promote slow and stable forks or negatively regulate 
functions which normally would promote fast fork movement through damaged template.  
We have shown that cds1∆ rhp51∆ strains fail to slow, suggesting that Rhp51 is not a 
direct target for Cds1 phosphorylation and negative checkpoint regulation. We have also 
shown that sfr1∆ and rqh1∆ slowing defects but not that of the mus81∆ strain are 
suppressed by Cds1 over-expression. These observations suggest that in the sfr1∆ and 
rqh1∆ strains, the target for Cds1 is still present. Candidates include Mus81, Srs2, Hrq1, 
Rad22, and Sfr1. Swi6 and Rad22 are weak Cds1 targets in response to HU and IR 
(Elledge and Carr, personal communication). Mus81 may be the target for positive 
regulation by Cds1 even though none of the point mutants tested for the Mus81-Eme1 
heterodimer failed to slow. Future experiments should be conducted to see if any of these 
proteins are direct Cds1 targets. 
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Appendix 2.2.  Roles of Switch Proteins and Heterochromatin in Slowing 
Introduction and Rationale 
Switch proteins were originally characterized to be deficient in mating type switching. 
However, switch proteins are involved in more processes of DNA metabolism then this 
switching during vegetative growth including general recombinational repair and 
heterochromatin maintenance (Akamatsu et al., 2003; Akamatsu et al., 2007). The switch 
protein Swi2 not only interacts with Swi5 but also with Swi6  (Haruta et al., 2007). Swi6 
is required for maintenance of heterochromatin at the silent mating type (MAT) loci 
utilized for mating-type switching in vegetative cells (Klar and Bonaduce, 1991; Jia et al., 
2004; Bisht et al., 2008). Swi6 is the fission yeast HP1 homologue which recruits the 
Clr4 methyltransferase to maintain heterochromatin structure not only at the silent MAT 
loci, but also at centromere, rDNA, and telomere repeat regions (Alfredsson-Timmins et 
al., 2007; Dubey et al., 2008; Hayashi et al., 2009). Due to the role of swi2∆ and swi5∆ 
mutants as suppressors of slowing defects displayed the sfr1∆ and rqh1∆ mutants, we 
wished to determine what role Swi6 and Clr4 play in slowing of replication in response to 
MMS. We also tested additional switch mutants to see if they were required for slowing 
in response to MMS. 
Materials and Methods 
Cells were synchronized using transient cdc10-m17 arrest and centrifugal elutriation as 
previously described (Willis and Rhind, 2009). 
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Results and Discussion 
swi6∆ and clr4∆ mutants slow normally (Figure 2.16A). This indicates that like Swi2 and 
Swi5, Swi6 is not required for slowing in response to MMS. It also indicates that 
maintenance of heterochromatin by Clr4 is not required for damage induced slowing. 
However, swi6∆ and clr4∆ rescue the sfr1∆ slowing defect since sfr1∆ swi6∆ and sfr1∆ 
clr4∆ slow replication in response to MMS (Figure 2.16B).   
Additional mating-type switching mutants were evaluated for slowing defects. Swi9 and 
Swi10 form a structure-specific endonuclease required for efficient mating type switching 
and regulation of damage induced recombination (Herbert Gutz, 1985; Osman et al., 
2000). This heterodimer is not required for slowing since the swi9∆ and swi10∆ mutants 
slow well (Figure 2.16C).  
Removing the ability of cells to silence large regions of the genome by deleting the clr4 
gene may allow redistribution of recombination proteins. Normally recombinases are 
excluded from the nucleolus which contains the rDNA repeat and subtelomeric regions 
(Bisht et al., 2008). In budding yeast, Sir2 prevents replication-dependent recombination 
in the rDNA nucleolar region suggesting a role for heterochromatin in exclusion of the 
mitotic recombination machinery from this region (Gottlieb and Esposito, 1989; Pasero et 
al., 2002). swi6∆ and clr4∆ may allow redistribution of recombinases in such a manner as 
to phenocopy deletion of recombinases rhp51 or rad22 and genetic interaction with other 
mutants with respect to slowing. Perhaps allowing recombinase access to otherwise  
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Figure 2.16.  Heterochromatin Maintenance is not Required for Slowing. 
(A) Neither Swi6 nor Clr4 are required for slowing replication in response to DNA 
damage. swi6∆ (yNW571) and clr4∆ (yNW636 )mutants slow well in response to MMS. 
(B) swi6∆ or clr4∆ mutations suppress the sfr1∆ slowing defect. The swi6∆ sfr1∆ 
(yNW604) and clr4∆ sfr1∆ (yNW644) mutants both slow replication in the presence of 
MMS. (C) Other switch mutants are not required for slowing. swi9∆ (yNW298) and 
swi10∆ (yNW503) mutants both slow well.  
  
109 
Figure 2.16.  Heterochromatin Maintenance is not Required for Slowing. 
 
  
110 
inaccessible regions would sequester recombinases away from ‘normal’ duties explaining 
why clr4∆ and swi6∆ mutation suppresses the sfr1∆ and rqh1∆ slowing defects. To test 
this hypothesis, we could observe distribution of Rhp51-YFP or Rad22-YFP in the 
nucleus including the rDNA nucleolar region, comparing mutants to wild-type control. 
We expect swi6∆ and clr4∆ mutants to show redistribution of recombinase foci or 
indistinct GFP signal to the nucleolar region. 
Additional proteins serve to silence regions in the fission yeast genome. With genetic 
interaction established between swi6∆ and sfr1∆, it may be worth investigating whether 
abrogation of the histone deacetylase activity of Clr3 or Sir2 is also sufficient to suppress 
the sfr1∆ slowing defect. Sir2 and Clr3 also serve to repress transcription and preserve 
heterochromatin at centromeres, telomeres and the cryptic MAT loci (Grewal et al., 1998; 
Cheutin et al., 2004; Freeman-Cook et al., 2005; Yamada et al., 2005). 
A recent paper describes differences in recombinational outcomes comparing mus81∆ 
and swi9/swi10∆ strains (Roseaulin et al., 2008). Mus81 is required for sister-chromatid 
recombination while Swi9/Swi10 are required to use an ectopic recombination site (such 
as a region of homology on another chromosome). These differences suggest that sister-
chromatid recombination events are required for slowing and other forms of homology 
driven recombination are not. This data suggests that different recombinational processes 
promote different outcomes at a stalled fork and only a subset of these events promote 
slowing. Under certain genetic backgrounds, other recombination events promote a 
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slowing failure. Perhaps Mus81 performs functions to slow replication fork rate but only 
in the absence of switch protein function or the presence of specific recombination 
intermediates. swi9∆ and swi10∆ mutations should be tested for genetic interaction with 
mus81∆ and rqh1∆. 
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Appendix 2.3.  Additional Helicases are Involved in Replication Slowing 
Introduction and Rationale 
Many DNA helicases have been characterized in fission yeast including Rqh1, Srs2, and 
Fbh1 (Murray et al., 1997; Wang et al., 2001a; Osman et al., 2005). All three mutants are 
characterized to be involved in regulation in recombination in response to DNA damage 
or replication stress. rqh1∆ mutants display S-phase DNA damage checkpoint defects and 
genetic interaction with rhp51∆ mutants and other recombination mediator mutants 
(Willis and Rhind, 2009). Srs2 may negatively regulate recombination due to several 
biochemical studies showing that it disrupts Rad51 filament formation and genetic 
studies suggesting srs2∆ mutants are sick due to hyper-recombination (Doe and Whitby, 
2004; Pfander et al., 2005). Fbh1 is an F-box DNA helicase found to suppress the 
phenotypes of Rhp51 mediator mutants in fission yeast (Morishita et al., 2005; Osman et 
al., 2005). Hrq1 is an uncharacterized Rqh1 homologue in fission yeast which is reported 
to be phosphorylated by Cds1 in response to HU arrest (T. Carr personal 
communication). Due to genetic interaction between helicase and recombinase mtuants 
and the fact that the Rqh1 helicase was required for slowing, we tested these additional 
helicases to determine the role they played in slowing in response to DNA damage. 
Materials and Methods 
Cells were synchronized using transient cdc10-m17 arrest and centrifugal elutriation as 
previously described (Willis and Rhind, 2009). For G2 elutriations, cells were loaded and 
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time courses performed at 30˚C.  MMS was added 60 minutes into the time course to 
0.03%, earlier addition induces a G2 arrest. 
Results and Discussion 
In contrast to the rqh1∆ mutants, srs2∆ mutants displayed normal slowing in response to 
MMS (Figure 2.17A). srs2∆ suppressed the slowing defects of the sfr1∆ and rqh1∆ 
mutants but not that of the mus81∆ mutant, reminiscent of the genetic interactions 
between those mutants and rhp51∆ (Figure 2.17B). All slowing observed in the srs2∆ 
mutants was checkpoint dependent (Figure 2.17B). Like the srs2∆ mutant, hrq1∆ mutants 
slowed well. However, unlike the srs2∆ mutant, hrq1∆ mutation only suppresses the 
sfr1∆ and not the rqh1∆ slowing phenotypes (Fig 2.17C). 
Fbh1∆ strains are extremely sick and almost unusable for S-phase progression assays 
measuring slowing in response to MMS. The fbh1∆ mutant was evaluated for slowing 
using G2 synchronous populations. This experiment showed a sub-G2 peak, indicating 
slowing in response to MMS during replication (Figure 2.17D). This observation 
indicated that Fbh1 is not required for slowing in fission yeast. Due to the sickness of this 
strain, crosses to mutants defective for slowing failed and no further investigations were 
made. 
Although the rqh1∆ and srs2∆ helicase mutants share many recombination-dependent 
phenotypes and both proteins characterized to negatively regulate recombination, these  
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Figure 2.17.  Additional Helicase Mutants Display Genetic Interaction with sfr1∆ 
and rqh1∆. 
(A) srs2∆ (yNW156) slows well in a checkpoint dependent manner since srs2∆ cds1∆ 
strains still fail to slow (yNW266). (B) srs2∆ suppresses slowing defects in the sfr1∆ 
(yNW490) and rqh1∆ (yNW487) mutants but not in the mus81∆ srs2∆ double mutant 
(yNW497). Slowing displayed is checkpoint dependent since the sfr1∆ srs2∆ cds1∆ 
(yNW565) and rqh1∆ srs2∆ cds1∆ (yNW563) strains fail to slow. (C) Hrq1 is also not 
required for checkpoint-dependent slowing since the hrq1∆ mutant still slows well 
(yNW822) and hrq1∆ cds1∆ (yNW836) fails to slow. hrq1∆ mutation suppresses the 
slowing defect of the sfr1∆ mutant (yNW838) but not that of the rqh1∆ mutant 
(yNW865). (D) Fbh1 is not required for slowing. G2 elutriation results show a robusts 
sub-G2 peak indicating cells are slowing in mid-S phase in the fbh1∆ strain (yNW357). 
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Figure 2.17.  Additional Helicase Mutants Display Genetic Interaction with sfr1∆ 
and rqh1∆. 
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mutants do not display identical slowing phenotypes. Rqh1 and Srs2 are unrelated 3’ to 
5’ helicases which when mutated display Rhp51-dependent hyper-recombination in 
response to HU and UV and sensitivity to DNA damaging agents (Doe et al., 2000; Wang 
et al., 2001a; Doe and Whitby, 2004).  The srs2∆ rqh1∆ double mutant displays synthetic 
sickness supporting a nonredundant function for these two proteins, however this 
phenotype is also alleviated by deletion of rhp51, rhp55, or rhp57 (Maftahi et al., 2002; 
Doe and Whitby, 2004). Despite these shared phenotypes, these two helicases have 
opposing roles in the S-phase DNA damage checkpoint response. srs2∆ mutants, unlike 
rqh1∆, display normal replication slowing in response to DNA damage.  Furthermore 
srs2∆ mutation suppresses slowing defects of both rqh1∆ and sfr1∆ strains (Figure 2.17A 
and B). This suggests that Srs2 may positively regulate some aspect of Rhp51 mediated 
recombination or through its prevention of other recombinational events, produce the 
slowing defects displayed by the rqh1∆ and sfr1∆ mutants. mus81∆ srs2∆ mutants 
continue to display the mus81∆ non-slowing defect (Figure 2.17B) consistent with the 
hypothesis that the mus81∆ defect is not due to uncontrolled recombination like the 
slowing defects displayed by the rqh1∆ and sfr1∆ mutants. This data places Srs2 in 
epistasis group II and suggests that Srs2 regulates some aspect of recombination which 
drives rqh1∆ and sfr1∆ slowing defects. 
The Hrq1 helicase also appears to be a member of epistasis group II. It is not required for 
slowing but hrq1∆ does suppress the defects of the sfr1∆ mutant. However the hrq1∆ 
rqh1∆ double mutant still fails to slow (Figure 2.17C). This suggests that Sfr1 and Rqh1 
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act in different manners to regulate recombination, both in such a way as to be required 
for slowing. This genetic interaction allows us to subdivide epistasis group III in two. In 
support of this notion, unlike the sfr1∆ and rqh1∆ parents which display slight slowing, 
the double mutant displays a greater defect (Figure 2.6C).  
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Appendix 2.4.  The rhp51∆ Suppressor Hunt 
Introduction and Rationale 
The genetics investigation has been plagued with spontaneous suppressors arising in 
several of the recombinase, recombinase mediator, and regulator mutant backgrounds. 
These suppressor mutations have made it difficult to determine a number of single 
mutants’ native slowing phenotypes. Determining the native phenotype for several strains 
led to a paradigm shift in how we believe slowing to occur (or fail to occur) in response 
to damage. Instead of recombination being required for slowing, recombination is 
responsible for slowing defects displayed by several strains. We are very interested in 
identifying the mutation(s) responsible for masking the native slowing phenotypes in 
several strains. Identification of these suppressors could help greatly in generating a 
mechanistic model for slowing. 
The central recombinase in fission yeast is Rhp51, homologue to budding yeast and 
metazoan Rad51 and bacterial RecA (Jang et al., 1996). Rhp51 requires the activities of 
several mediators for efficient Rhp51 filament nucleation on ssDNA displacing RPA, 
filament stabilization, and filament homology search, strand invasion and repair. Rad22 is 
the central mediator of Rhp51 in fission yeast, homologue to budding yeast and metazoan 
Rad52 (Ostermann et al., 1993). Rhp54, Rhp55, Rhp57, Sfr1 and Swi5 are all Rhp51 
mediators involved in some aspect of Rhp51 filament function (Muris et al., 1997; 
Sugawara et al., 2003; Khasanov et al., 2008). Mutations in most of these genes confer 
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some sensitivity to DNA damaging agents suggesting function in a pathway facilitating 
repair. 
Results and Discussion 
Both rad22∆ and rhp51∆ mutants originally scored failed to slow in response to DNA 
damage (Figure 2.18A). Additionally, double mutants for rhp54∆, rhp55∆ and rhp57∆ 
recombinase mediators displayed partial or complete slowing defects when randomly 
selected clones were scored for slowing (Figure 2.18B). Eventually we isolated double 
mutants by tetrad dissection and determined the native phenotypes for those strains. In 
the case of the rhp51∆ mutant, we constructed our own null allele, rhp51::natMX6. In the 
case of rad22∆ mutant, we acquired a “nonsuppressed” allele from the Whitby lab. 
rhp51∆ null alleles as well as repressed nmt41 and nmt81 driven alleles and several 
derivatives all displayed similar doubling times and cell morphological defects (Figure 
2.18C). We also found several clones of mus81∆ which display a partial slowing defect 
(Figure 2.18D). 
We are very interested in finding the mutation or mutations responsible for masking the 
native rhp51∆ slowing phenotype. However, unlike the rad22∆ suppressed and 
nonsupressed strains previously described, all rhp51∆ strains are extremely sensitive to 
many DNA damaging agents (Doe et al., 2004). Even the nonslowing parent yFS337 
rhp51::ura4 strain and three derivatives, one which slowed and two which did not slow, 
showed little differences for sensitivity to DNA damage. 
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Figure 2.18.  Suppressors Regularly Arise in Recombinase, Mediator and Regulator 
Mutants. 
(A) The rhp51::ura4 mutant (yFS544) originally assayed failed to slow in response to 
MMS.  When backcrossed to wild type, the failure to slow was not linked to rhp51::ura4; 
it was also not linked to the smt-0 mating type since an h+ derivative still failed to slow 
(yNW229). Original rad22∆ (yNW022) also failed to slow. (B) Double mutants for 
rhp54∆ rhp55∆ (yNW224), rhp54∆ rhp57∆ (yNW225) and rhp55∆ rhp57∆ (yNW237) 
originally scored failed to slow. (D) Little difference in sensitivity to DNA damage was 
shown between the nonslowing rhp51::ura4 (yFS337) parent, a derivative which also 
failed to slow (FB-1C) and two derivatives, one which slowed (FP1-12D) and the other 
did not (FP1-8B). Designations for derivatives are based on names given to complete 
tetrads and clones derived from a cross of yFS337 to wild-type. Some differences are 
seen at high doses of MMS and HU but not enough of a difference is shown for use in 
screening for mutations in the yFS337 nonslowing parental strain background. Defects 
were also examined comparing various control and null alleles for rhp51:  wild-type 
(yFS105), rhp51::ura4 (yNW87 ), rhp51::kanMX6 (yNW349), rhp51::natMX6 
(yNW351), nmt81:rhp51 (yNW353), and nmt41:rhp51 (yNW355). Inducible rhp51 
alleles were compared on both YES (represses rhp51 expression) and EMM2-LUAH 
(allows rhp51 expression). (D) Several mus81∆ clones were found to partially slow. The 
results for 2 clones and four total experiments are shown (yNW802 and yNW803).
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Figure 2.18.  Suppressors Regularly Arise in Recombinase, Mediator and Regulator 
Mutants. 
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Therefore no straightforward screen is possible to search for the rhp51::ura4 suppressor. 
High throughput testing for replication slowing in response to MMS is not possible with 
current techniques. Also, all alleles of rhp51∆, both the suppressed and nonsuppressed, 
are extremely sensitive to DNA damaging agents making a screen based on DNA damage 
tolerance or rescue impossible. Due to these technical barriers, we have turned to deep 
sequencing. We have sent the rhp51::ura4 parent, and several slowing and nonslowing 
derivatives for sequencing in search of the mutation(s) responsible for phenotypic 
suppression. We suspect that more than a single mutation is required for masking the 
native phenotype since outcrossing the rhp51::ura4 parent to wild-type didn’t yield many 
nonslowing derivatives. We observed non 2:2 phenotypic segregation by tetrad dissection 
suggesting multiple mutations are responsible for the slowing phenotype (data not 
shown). We could also send nonslowing rhp54, rhp55 and rhp57 double mutants for 
sequencing. A comparison between suppressed rhp51∆ and these doubles could help 
reduce potential candidates. It is possible that this analysis yields too many potential 
mutations responsible for masking the rhp51::ura4 slowing phenotype. 
Several mus81∆ clones were found which slowed. Epistasis analysis has placed mus81∆ 
in Group I, contributing functions absolutely required for slowing. The two spontaneous 
mutants of mus81∆, which partially slow replication, may provide valuable information 
as to how Mus81 contributes to slowing. We could send these two derivatives and the 
nonslowing mus81∆ parent for deep sequencing. 
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Chapter III.  The Fission Yeast Rad32(Mre11)-Rad50-Nbs1 Complex Acts Both 
Upstream and Downstream of Checkpoint Signaling in the S-Phase DNA Damage 
Checkpoint 
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Abstract 
The Mre11-Rad50-Nbs1 (MRN) heterotrimer plays various and complex roles in DNA 
damage repair and checkpoint signaling.  Its role in activating Ataxia-Telangiectasia 
Mutated (ATM), the central checkpoint kinase in the metazoan double-strand break 
response, has been well studied.  However, its function in the checkpoint independent of 
ATM activation, as well as functions completely independent of the checkpoint, is less 
well understood.  In fission yeast, DNA damage checkpoint signaling requires Rad3, 
homolog of the ATM and Rad3 Related (ATR) kinase, not Tel1, the ATM homolog, 
allowing us to dissect MRN's ATM-independent S-phase DNA damage checkpoint roles 
from its role in ATM activation.  We find that MRN is involved in Rad3 (ATR) 
dependent checkpoint signaling in S phase, but not G2, suggesting that MRN is involved 
in ATR activation through its role in replication fork metabolism.  In addition, we define 
a role for MRN in the S-phase DNA damage checkpoint dependent slowing of replication 
that is independent of its role in checkpoint signaling.  Genetic interactions between 
MRN and Rhp51, the fission yeast Rad51 homolog, lead us to suggest that MRN 
participates in checkpoint-dependent replication slowing through negative regulation of 
recombination. 
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Introduction 
Cells must respond to DNA damage appropriately in order to maintain genomic fidelity, 
prevent mutation and successfully duplicate and segregate genetic information.  Cells 
employ checkpoints to respond to DNA damage and coordinate cell cycle progression 
with repair (Hartwell and Weinert, 1989; Kastan and Bartek, 2004).  One of the central 
responses to DNA damage is the S-phase DNA damage checkpoint, which slows 
replication in response to DNA damage during S phase (Sancar et al., 2004).  In 
metazoans, this checkpoint acts through either the Ataxia-Telangiectasia Mutated (ATM) 
or ATM and Rad3 Related (ATR) kinases, depending on the type of damage; ATM 
responds to double-strand breaks and ATR to replication blocking lesions, such as those 
caused by UV, MMS or camptothecin (McGowan and Russell, 2004).  In yeast, the 
checkpoint responds to both types of DNA damage though the ATR homolog – Rad3 in 
the fission yeast Schizosaccharomyces pombe and Mec1 in budding yeast Saccharomyces 
cerevisiae (Rhind and Russell, 1998b). 
In fission yeast, the S-phase and G2 DNA damage checkpoints are activated through a 
conserved protein kinase cascade in which Rad3 phosphorylates and activates one of two 
downstream effector kinases (Rhind and Russell, 2000b).  Rad3 phosphorylates the S-
phase specific checkpoint kinase Cds1 in response to DNA damage during replication 
and Chk1 in response to G2 damage (Walworth and Bernards, 1996; Lindsay et al., 1998; 
Martinho et al., 1998; Brondello et al., 1999).  The downstream checkpoint targets for 
prevention of mitosis are well understood (Sancar et al., 2004).  However, the 
  
126 
downstream players in the S-phase DNA damage checkpoint and mechanisms utilized to 
slow replication are still unclear. 
Checkpoint regulation of cell-cycle progression allows cells the opportunity to repair 
DNA damage.  The Mre11-Rad50-Nbs1 (MRN) recombinational-repair complex serves 
roles in both checkpoint activation and DNA damage repair.  MRN is a heterotrimer 
composed of proteins with diverse biochemical functions: Mre11, an single-strand endo- 
and 3' exonuclease, Rad50, an SMC-like protein with DNA binding, ATPase and 
adenylate kinase activities, and Nbs1, the putative regulatory subunit (D'Amours and 
Jackson, 2002).  Mre11 nuclease activity is involved in processing DSBs for homologous 
recombinational repair (Farah et al., 2002; Lobachev et al., 2002).  Rad50 constitutively 
associates with Mre11 and may tether DNA molecules in close proximity for efficient 
repair (de Jager et al., 2001).  Nbs1 is required for MRN nuclear localization and DNA 
damage- and replication-dependent focus formation (Mirzoeva and Petrini, 2001).  Nbs1 
stimulates the DNA binding and nuclease activities displayed by the Mre11-Rad50 
heterodimer (Paull and Gellert, 1999).  MRN is involved in an array of recombinational-
repair pathways.  However, its role seems to be modulatory or redundant, because 
although MRN mutations disrupt many repair pathways, they do not eliminate any of 
them (Symington, 2002). 
MRN is required for the S-phase DNA damage checkpoint response, which slows 
replication in response to DNA damage (D'Amours and Jackson, 2002; Falck et al., 2002; 
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Chahwan et al., 2003).  Two pathways contribute to checkpoint-dependent replication 
slowing in mammals: the first inhibits origin firing via the degradation of Cdc25 in a 
Chk2-dependent manner, the second is MRN-dependent (Falck et al., 2002).  This MRN 
activity appears to be independent of its role in checkpoint signaling since the Chk2 
target Cdc25A is degraded normally in Nijmegen Breakage Syndrome cells, which are 
mutant for the Nbs1 subunit (Buscemi et al., 2001; Falck et al., 2002).  Although its role 
in slowing replication is unknown, MRN associates with sites of ongoing replication and 
forms foci at stalled forks, suggesting that MRN acts to slow replication in a fork-
dependent manner (Maser et al., 2001; Mirzoeva and Petrini, 2003). 
In metazoa, MRN acts both as an upstream activator and downstream target of the 
checkpoint kinase ATM and ATR.  MRN is involved in recognition of double-stand 
breaks and the activation of ATM, placing it at the very earliest steps in checkpoint 
signaling (Uziel et al., 2003; Horejsi et al., 2004; Lisby et al., 2004; Lee and Paull, 2007).  
MRN is also a target of ATM phosphorylation in response to IR (Lim et al., 2000) and 
serves a downstream role in slowing replication independent of its role in checkpoint 
signaling (Falck et al., 2002).  MRN serves independent up- and downstream roles during 
S-phase, being required for both strong ATR activation and slowing replication in 
response to UV (Olson et al., 2007). These multiple roles for MRN in metazoan 
checkpoint response to DNA damage have made it difficult to determine how MRN 
contributes to the regulation of replication in response to DNA damage. 
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S. pombe offers a convenient system to study the role of the MRN complex in the S-
phase DNA damage checkpoint.  First, unlike in metazoa, MRN is not essential, allowing 
the analysis of null alleles.  Second, although MRN's role in the activation of ATM is 
conserved in fission yeast, Tel1, the fission yeast ATM homolog, is not required for 
checkpoint activation.  Therefore, given the involvement of MRN in the S-phase DNA 
damage checkpoint in both humans and fission yeast, and the fact that Tel1(ATM) is not 
required for this checkpoint in fission yeast, we can directly investigate the roles of MRN 
in the checkpoint that are independent of its role in ATM activation. 
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Materials and Methods 
Strains used in this study are listed in Table 2.1; they were constructed using previously 
published alleles or those described below (Nakamura et al., 2002; Akamatsu et al., 2003; 
Chahwan et al., 2003; Willis and Rhind, 2009).  Yeast strains were grown in yeast extract 
with supplements (YES) at 25 or 30˚C and manipulated using standard methods 
(Forsburg and Rhind, 2006).  Strains containing the Cds1 over-expression cassette were 
grown in Edinburgh minimal medium supplemented with leucine, uracil, adenine and 
histidine (EMM LUAH) with or without 15µM thiamine. 
Cell Synchronization 
For S-phase analysis, strains were synchronized, harvested and prepared for flow 
cytometry or Cds1 in vitro kinase assay as previously described (Willis and Rhind, 2009).  
Briefly, G1 arrested cells were synchronized by centrifugal elutriation, selecting of a 
population of cells that replicate quickly upon release.  cdc10-M17ts cells were arrested 
for 2 hr at 35°C and the smallest cells, those that had most recently arrested in G1, were 
collected by centrifugal elutriation and released to 25°C.  Cells were exposed to 200 Gray 
ionizing radiation using a Faxitron RX-650 (10 Gray per minutes starting at 5 minutes 
post elutriation) or treated with 0.03% methyl methane sulfonate (MMS, Sigma M4016) 
or 10 mM hydroxyurea (HU, Sigma H8627).  At 20-minute intervals after elutriation, 0.5 
ODs of cells collected and fixed in 70% ethanol. 
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Sample Preparation for Flow Cytometry 
Whole cells display significant background fluorescence when analyzed by flow 
cytometry, and this background increases as cells elongate in a cell-cycle arrest (Sazer 
and Sherwood, 1990).  To reduce this background and improve the signal-to-noise ratio 
in our experiments, we adapted a protocol to analyze isolated nuclei DNA content 
(Carlson et al., 1997; Willis and Rhind, 2009).  Briefly, ethanol fixed cells were pelleted, 
washed and spheroplasted.  Spheroplasts were Triton washed, treated with RNase A and 
disrupted by sonication to release intact nuclei.  Sonicated cells stained with Sytox Green 
(Invitrogen S7020) and analyzed on a Becton-Dickinson FACScan cytometer. 
S-Phase Progression Analysis 
S-phase progression was measured using CellQuest software (Becton-Dickinson version 
3.3).  The unreplicated value was determined measuring DNA content of freshly 
elutriated G1 cultures and fully replicated values were determined measuring nuclear 
DNA content from asynchronous, pre-arrested cultures and cultures having completed 
replication. Mean values for S-phase peaks through out timecourses were compared with 
the unreplicated and fully replicated values.  Progression through S-phase was 
determined using the equation: % progression = (C-A)/(B-A), where A = 1C, B = 2C and 
C = mean histogram value.  Error bars represent the standard error of the mean when n > 
2 and show the variance of the data when n = 2. 
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Cds1 in Vitro Kinase Assay 
Cds1 kinase activity was measured as previously described (Lindsay et al., 1998; Kai et 
al., 2005; Willis and Rhind, 2009). Briefly, whole-cell lysates were prepared from 5 ODs 
of cells and incubated with anti-Cds1 antibodies (a gift from T. Wang) bound to Protein-
A Sepharose beads (GE Health Sciences).  Immunoprecipitated Cds1 was washed and 
incubated with myelin basic protein (Sigma M1891) in kinase reaction buffer with 32P-
ATP.  Reactions were resolved by SDS-PAGE and analyzed on a phosphoimager.  For 
comparison between independent experiments, Cds1 kinase activity was normalized to 
percent G1 cells in the freshly elutriated cultures of each strain (G2 cells treated with 
0.03% MMS do not complete mitosis and thus do not contribute to measured Cds1 
activity).  These values were then normalized to Cds1 kinase activity displayed by MMS-
treated wild-type cells at 120 min after elutriation. Each experimental set contained a 
wild-type control allowing for the comparison of strains used in independent 
experiments. For comparison of activity elicited by different treatments, raw counts were 
normalized first to the %G1 content of each treated strain and then to the wild-type 
control treated with MMS for each assay. 
Cds1 Over Expression 
Cds1 was over expressed from the strong, thiamine-repressible nmt promoter.  
nmt1:GST:cds1 cells were maintained in EMM LUAH with 15 µM thiamine to represses 
Cds1 expression.  16 hours prior to elutriation, cells were transferred to EMM LUAH 
without thiamine to induce Cds1 expression.  In order to prevent a Cds1-induced G2 
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arrest, we used a genetic background in which the G2 arrest is overridden by deletion of 
mik1, a Cdc2 inhibitory tyrosine-kinase activated by Cds1, and overexpression of Pyp3, a 
Cdc2 activating tyrosine-phosphatase that can constitutively drive the G2/M transition 
(Rhind and Russell, 2001).  The cells also carry cdc10-M17ts to allow for G1 
synchronization, as described above. 
Chk1 Western Blotting 
Cells were synchronized in G2 by centrifugal elutriation and immediately exposed to 200 
Gy ionizing radiation using a Faxitron RX-650 (10 Gray per minute starting at 5 minutes 
post elutriation).  15 OD pellets were collected and frozen in liquid nitrogen.  Frozen 
cells were thawed in 200 µl ice-cold lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 
8.0, 5 mM EDTA pH 8.0, 10% glycerol, 1% NP-40, 50 mM NaF, 5 µg/ml Leupeptin, 1 
mM PMSF, 1 mM Na3VO4) and broken by vortexing with silica beads for 15 min.  Crude 
cell lysates were cleared by centrifugation (3000 x g, 5 min) and lysate protein 
concentration determined using the BCA Protein Assay kit (Pierce 23225).  150 µg total 
protein was separated using SDS-PAGE on 8% 16 x 18 cm gels run 18 hrs at 10 mA. Bis-
acrylamide:acrylamide ratio of 1:100 was used to separate phosphorylated from 
unphosphorylated Chk1.  Chk1 was detected using mouse anti-HA (Covance MMS-
101P) antibody diluted 1:1000 in 5% milk TBST (0.05% tween-20) overnight at 4°C, 
followed by 1:3000 goat anti-mouse secondary conjugated to HRP 1:3000 in 5% milk 
TBST 3 hr at RT. 
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Results 
MRN Mutants Display Partial Defects in Slowing 
We previously reported that MRN is required for checkpoint-dependent replication 
slowing in fission yeast (Chahwan et al., 2003).  In higher eukaryotes, MRN is only 
partially required for slowing in response to DNA damage (Falck et al., 2002).  To more 
carefully examine the role of MRN in the checkpoint, we refined our flow cytometry 
protocol, analyzing isolated nuclei rather than whole cells (Willis and Rhind, 2009).  
Using this more sensitive assay, we found that the MRN mutants retain some ability to 
slow replication in response to DNA damage.  Histogram overlays of the collected data 
are shown in Figure 3.1A.  Unperturbed wild-type cells displayed a shift from 1C 
unreplicated nuclear DNA content to 2C replicated content around 100 minutes after 
release from G1.  Wild-type cells treated with 0.03% methyl methane sulfonate (MMS) 
instead display a gradual shift towards 2C over the course of the assay.  In contrast, 
rad3∆ mutants fail to slow replication in response to MMS.  MRN mutants display an 
intermediate phenotype with some reduction in replication in response to DNA damage 
(Figures 1A).  Quantitation of mean peak shift from 1C towards 2C nuclear DNA content 
better illustrates the difference between wild-type and MRN mutants (Figure 3.1B).  Both 
wild-type and MRN mutant cells replicate in a similar manner in the absence of DNA 
damage.  However, wild-type strains slow replication by about 40% in the presence of 
MMS, while nbs1∆, rad50∆ and rad32∆ (the fission yeast homolog of MRE11) mutants 
slow by only about 25% (Figure 3.1B, open vs. closed symbols).  The slowing displayed  
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Figure 3.1.  The Rad32-Rad50-Nbs1 Complex is Required for Full Replication 
Slowing in Response to DNA Damage in Fission Yeast 
(A) S-phase flow cytometry histogram overlays comparing wild-type (yFS162), nbs1∆ 
(yFS267) and rad3∆ (yFS260) strains.  G1 cells were synchronized by cdc10-m17 arrest 
and elutriation and released in the presence or absence of 0.03% MMS.  Cells were fixed 
every 20 minutes and nuclear DNA content measured by flow cytometry.  Wild-type cells 
treated with 0.03% MMS display replication slowing as shown by a lack of significant 
peak shifting after release.  nbs1∆ strains display intermediate slowing as shown by less 
reduction in peak shifting towards 2C than the wild-type control, while rad3∆ cells fail to 
slow, displaying identical profiles in the presence and absence of MMS.  (B) All three 
MRN mutants display partial defects in slowing in response to DNA damage.  
Progression through S-phase is plotted with respect to time by measuring the shifting of 
the mean of S-phase peaks from unreplicated 1C towards fully replicated 2C values.  
Wild-type cells (yFS162, n=3) slow bulk S-phase progression while strains harboring 
deletion alleles of nbs1∆ (yFS267, n=7), rad32 (yFS263, n=2) and rad50 (yFS265, n=2) 
display intermediate slowing in response to DNA damage during S-phase.  (C) Slowing 
displayed in nbs1∆ mutants is checkpoint-dependent.  nbs1∆ cds1∆ double mutants 
(yFS641, n=3) fail to slow.  Slowing in fission yeast is dependent upon the ATR 
homologue Rad3 and not the ATM homologue Tel1.  The rad3∆ mutant (yFS260, n=3) 
fails to slow displaying a complete checkpoint defect while tel1∆ mutants slow normally 
(yFS281, n=4). 
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Figure 3.1.  The Rad32-Rad50-Nbs1 Complex is Required for Full Replication 
Slowing in Response to DNA Damage in Fission Yeast 
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in MRN mutants requires the presence of the Cds1 checkpoint kinase; nbs1∆ cds1∆ 
double mutants display a complete defect in slowing.  Replication slowing in fission 
yeast is dependent upon the central checkpoint kinase Rad3(ATR) and not the related 
kinase Tel1(ATM); rad3∆ mutants fail to slow while tel1∆ mutants slow well in response 
to MMS (Figure 3.1C). 
MRN Mutants Display a Partial Defect in Checkpoint Signaling 
To investigate the cause of the slowing defect in MRN mutants, we focused on the nbs1∆ 
mutant strain.  As previously described, null mutants for nbs1, rad50 and rad32 display 
identical phenotypes in fission yeast (Chahwan et al., 2003; Ueno et al., 2003).  We first 
investigated the role of Nbs1 in S-phase checkpoint signaling by measuring Cds1 kinase 
activity in an in vitro assay.  nbs1∆ strains display intermediate checkpoint signaling in 
response to MMS (Figure 3.2A).  Like wild-type, nbs1∆ cells display weak periodic Cds1 
activity in unperturbed cells and increased Cds1 activity in response to MMS exposure 
during replication.  However, nbs1∆ strains display only about 50% of the MMS-induced 
Cds1 activity of wild-type cells.  In contrast to both wild-type and nbs1∆ mutants, rad3∆ 
mutants display a total defect in Cds1 activation in response to MMS and hydroxyurea 
(HU) (Lindsay et al., 1998 and Figure 2).  Despite nbs1∆ signaling defects in response to 
MMS, nbs1∆ mutants retain wild-type levels of signaling in response to HU (Figure 
3.2B). 
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Figure 3.2.  The Rad32-Rad50-Nbs1 Complex is Required for Full S-phase DNA 
Damage Checkpoint Activation During Replication in Response to MMS. 
(A) nbs1 mutation reduces checkpoint signaling in response to MMS. nbs1∆ cells display 
a partial defect in checkpoint signaling.  nbs1∆ (yFS267, n=7) mutants display reduced 
Cds1 kinase activity relative to wild-type (yFS162, n=8) cells in response to the 
alkylating agent MMS. rad3∆ (yFS260, n=1) cells display a complete defect in Cds1 
activity in response to DNA damage. (B) nbs1∆ (yFS267, n=5) mutants display proficient 
checkpoint signaling relative to wild-type (yFS162, n=7) cells in response to HU arrest.  
The MMS data is from A.  Signal was normalized within each experiment to the 120min 
MMS treated wild-type culture.  Representative raw data and G1 enrichment from 
selected experiments is shown. 
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Figure 3.2.  The Rad32-Rad50-Nbs1 Complex is Required for Full S-phase DNA 
Damage Checkpoint Activation During Replication in Response to MMS. 
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MRN Mutant Slowing Defect is Recombinase Dependent 
Previously, we have shown regulation of recombination is required for checkpoint-
dependent slowing of replication in fission yeast (Willis and Rhind, 2009).  In particular, 
loss of Rhp51, the fission yeast homolog of Rad51, suppresses the defect in checkpoint-
dependent replication slowing seen in rqh1∆ mutants, a helicase involved in regulation of 
recombination and processing of stalled replication forks.  Since the MRN complex is 
involved in recombinational repair and thought to act at stalled replication forks, we 
tested if the nbs1∆ slowing defect was also recombination-dependent.  nbs1∆ rhp51∆ and 
nbs1∆ swi5∆ double mutants both slow replication in response to MMS treatment, 
showing that loss of the Rhp51 recombinase or the Swi5 mediator, which is required for 
Rhp51 activity, suppress the MRN mutants’ slowing defect (Figure 3.3A).  Slowing 
defects exhibited by the other two MRN complex mutants are also suppressed by rhp51 
removal (Figure 3.3A). The Swi1 replication fork protection complex is also required for 
slowing defects exhibited by several strains (Willis and Rhind, 2009).  We found the 
same true for the nbs1∆ mutant; nbs1∆ swi1∆ double mutants slowed well (Figure 3.3A). 
Nbs1 and Sfr1 Define Two Independent Function in the Checkpoint Pathway 
Like nbs1∆ cells, sfr1∆ and rqh1∆ cells display a partial slowing defect in response to 
MMS that is suppressed by rhp51∆ (Willis and Rhind, 2009).  These results raise the 
question of whether MRN cooperates with Rqh1 and Sfr1 or act independently to slow 
replication.  To distinguish between these possibilities, we tested whether the nbs1∆ and 
sfr1∆ mutant slowing defects are additive; rqh1∆ cannot be tested because rqh1∆ and  
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Figure 3.3.  Abrogation of Recombination Suppresses the nbs1∆ Slowing Defect. 
(A) The slowing defect displayed by MRN mutants is recombination dependent.  The 
partial slowing defect seen in MRN mutants is suppressed in the nbs1∆ rhp51∆ (yFS639, 
n=3), rad32∆ rhp51∆ (yFS704, n=2) and rad50∆ rhp51∆ (yFS705, n=1) double mutants. 
nbs1∆ defects are also suppressed in the nbs1∆ swi5∆ (yFS640, n=4) and nbs1∆ swi1∆ 
(yFS709, n=2) double mutants. (B) Both nbs1∆ (yFS267, data from 1B) and sfr1∆ 
(yFS201, n=3) mutants display a partial defect in slowing while the nbs1∆ sfr1∆ 
(yFS707, n=1) mutant displays a complete defect.  This defect is suppressed in the nbs1∆ 
sfr1∆ rhp51∆ (yFS708, n=2) triple mutant. 
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Figure 3.3.  Abrogation of Recombination Suppresses the nbs1∆ Slowing Defect. 
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nbs1∆ are synthetically lethal.  The nbs1∆ sfr1∆ double mutant displayed a complete 
defect in slowing suggesting that Nbs1 and Sfr1 function independently to slow 
replication (Figure 3.3B).  The additive slowing defect was suppressed by removing 
recombination (Figure 3.3B).  Together, these results suggest that Nbs1 and Sfr1 define 
two independent functions that allow for replication slowing by negatively regulating 
Rhp51-depedent recombination. 
MRN Mutant Checkpoint Signaling Defect is Not Recombinase Dependent 
To determine if removing recombination rescued both the slowing and signaling 
phenotypes of the nbs1∆ strain, Cds1 activation was compared between the nbs1∆ 
rhp51∆ double mutant, both single mutants and wild-type.  Although both wild-type and 
rhp51∆ strains display strong Cds1 activity in the presence of MMS, both nbs1∆ and 
nbs1∆ rhp51∆ mutants display reduced Cds1 activation (Figure 3.4A).  This data shows 
that Rhp51-dependent recombination is not involved in MRN's signaling function and 
suggests that the signaling defect exhibited by nbs1∆ cells is not directly responsible for 
their slowing defect. 
Constitutive Cds1 Signaling does Not Suppress the MRN Mutant Slowing Defect 
As an independent test of whether the nbs1∆ signaling defect contributes to its slowing 
defect, we constitutively activated Cds1 signaling by over-expression of the kinase.  
Over-expression of Cds1 constitutively activates its G2 arrest and S-phase checkpoint 
transcription functions (Brondello et al., 1999; de Bruin et al., 2008; Dutta et al., 2008).  
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Figure 3.4.  The nbs1∆ Slowing Defect is Not a Direct Consequence of its Checkpoint 
Signaling Defect. 
(A) Removing recombination doesn’t rescue the checkpoint signaling defect exhibited by 
nbs1∆ cells.  rhp51∆ (yFS556, n=4) and wild-type (yFS162, data from 1A) cells display 
similar checkpoint signaling in response to MMS while nbs1∆ (yFS267, data from 1A) 
and the nbs1∆ rhp51∆ (yFS639, n=5) double mutant display reduced checkpoint 
signaling.  Included with representative raw data is the G1 enrichment for selected 
experiments.  (B) nbs1∆ slowing defect is not rescued by over-expression of Cds1.  G1 
synchronized rad3∆ nbs1∆ nmt1:GST:cds1 (yFS706, n=5) and rad3∆ nmt1:GST:cds1 
(yFS548, n=7) cells were treated ±0.03% MMS.  The rad3∆ nbs1∆ nmt1:GST:cds1 
mutant still fails to slow.  (C) Nbs1 is not involved in phosphorylation of the G2 DNA 
damage checkpoint kinase Chk1.  The nbs1∆ strain (yFS639) displays wild-type levels of 
phosphorylation of Chk1 in response to 200Gy ionizing radiation when compared with 
the rad3∆ (yFS690), cds1∆ (yFS299), and wild-type (yFS06) controls. 
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Figure 3.4.  The nbs1∆ Slowing Defect is Not a Direct Consequence of its Checkpoint 
Signaling Defect. 
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Moreover, the slowing defects exhibited by Rad3 and Mrc1 mutants are suppressed by 
Cds1 over-expression, confirming that these proteins act upstream of Cds1 (Willis and 
Rhind, 2009).  To test if constitutive activation of Cds1 suppresses the nbs1∆ slowing 
defect, we over-expressed Cds1 from the strong nmt1 promoter in a nbs1∆ rad3∆ strain 
and assayed if the strain could slow replication in response to MMS.  The rad3∆ mutation 
insures that there is no MMS-induced checkpoint signaling; in addition, the strain is 
designed to be unable to arrest in G2 in response to constitutive Cds1 activation (see 
Materials and Methods).  We found that over-expressing Cds1 does not suppress the 
slowing defect displayed in the nbs1∆ rad3∆ nmt1:cds1 strain (Figure 3.4B).  The fact 
that nbs1∆ blocks replication slowing in cells that constitutively express Cds1 suggests 
that the nbs1∆ slowing defect is independent of Nbs1's role in Cds1 activation and that 
Nbs1 act downstream of Cds1 to regulate replication slowing. 
MRN is Not Required for Checkpoint Signaling in G2 
The requirement of Nbs1 for full Rad3-dependent signaling in S-phase raised the 
possibility that MRN may be involved in all Rad3-dependent signaling.  We have 
previously shown that MRN is not required for DNA-damage-induced G2 cell-cycle 
delay, and the fact that MRN is involved in DNA repair means that cells lacking MRN 
actually delay longer than wild-type cells, complicating the analysis.  To directly test if 
MRN is required for Rad3-dependent checkpoint signaling in G2, we measured the 
phosphorylation of Chk1, a direct Rad3 target, in response to ionizing radiation 
(Walworth and Bernards, 1996; Martinho et al., 1998).  Because endogenous DNA 
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damage accumulates in nbs1∆ cells, asynchronous cultures display constitutive Chk1 
phosphorylation (data not shown).  We used elutriation to select the smallest, and thus not 
checkpoint arrested, G2 cells from asynchronous cultures.  We treated these cells with 
200 gray ionizing radiation and found that nbs1∆ cells phosphorylated Chk1 to the same 
extent as wild-type cells (Figure 3.4C).  These results show that MRN is not required for 
Rad3-dependent checkpoint activation in G2. 
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Discussion 
We show that the MRN complex has both up- and downstream roles in the fission yeast 
S-phase DNA damage checkpoint.  Much like MRN mutants in metazoa, fission yeast 
MRN mutants display reduced ability to slow replication, as well as reduced checkpoint 
signaling in response to DNA damage.  However, our results are more straight forward to 
interpret because checkpoint signaling in fission yeast relies on the ATR homolog Rad3, 
not the ATM homolog Tel1.  This situation allows us to investigate the roles of MRN that 
are independent of its role in ATM activation.  Our results place MRN in a well-defined 
genetic pathway that regulates replication slowing and suggest that MRN acts by 
negatively regulating recombinational repair of DNA during S phase. 
MRN Acts Upstream of Checkpoint Signaling in the S-Phase DNA Damage 
Checkpoint 
We find that MRN is required for Rad3 (ATR) dependent signaling in S phase.  In nbs1∆ 
cells, Rad3-dependent activity of Cds1 reaches only half the level seen in wild-type cells 
(Figure 3.2A).  However, nbs1∆ mutants do display strong signaling in response to HU 
arrest (Figure 3.2B). This result shows that MRN's role in checkpoint signaling is not 
confined to its role in the activation of ATM and is consistent with other reports of MRN-
dependent activation of ATR and Mec1 (Nakada et al., 2004; Stiff et al., 2005).  
However, it also shows that MRN's requirement for Rad3 activation is only partial, 
suggesting that MRN is not intimately involved in Rad3 activation.  Furthermore, 
although MRN is required for full phosphorylation of Cds1 in response to S-phase DNA 
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damage, MRN is not required for checkpoint signaling in response to replication arrest by 
HU (Figure 2B) or G2 in response to IR (Chahwan et al., 2003 and Figure 3D).  Taken 
together, these results suggest that MRN's role in activating Rad3 is indirect, perhaps 
through its role in replication fork metabolism. 
MRN Acts Downstream of or Parallel to Cds1 in the S-Phase DNA Damage 
Checkpoint 
Although nbs1∆ cells show partial defects in both checkpoint signaling and replication 
slowing, our results suggest that the slowing phenotype is independent of the signaling 
phenotype.  The slowing defect in response to MMS can be suppressed by deletion of 
rhp51 without suppressing the signaling defect (Figures 3.3A and 3.4A).  As discussed 
below, we have shown a similar epistatic relationship with other recombinational 
regulators (Willis and Rhind, 2009).  In addition, nbs1∆ slowing defects are not 
suppressed by constitutively activating Cds1 signaling by over expression (Figure 3.4B).  
Although Cds1 over-expression rescues the slowing defects of both rad3∆ and mrc1∆ 
mutants, nbs1∆ strains continue to fail to slow (Figure 3.4B and Willis and Rhind, 2009).  
These results show that the nbs1∆ signaling defect is neither necessary nor sufficient for 
its slowing defect and thus suggest that MRN's checkpoint-dependent role in slowing 
replication is downstream of or parallel to Cds1 checkpoint signaling.  The fact that 
nbs1∆ blocks replication slowing in cells that express constitutively active Cds1 leads us 
to prefer the description of MRN as downstream of Cds1.  However, this description is in 
the genetic sense and does not imply that MRN is necessarily downstream of Cds1 in the 
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biochemical sense of being a target of Cds1 phosphorylation.  MRN may act in a parallel 
pathway in addition to the checkpoint signaling cascade and the activity of direct Cds1 
targets required for slowing. 
MRN Defines a New Epistasis Group in the S-Phase DNA Damage Checkpoint 
Pathway 
We have recently shown that checkpoint-dependent replication slowing requires the 
Mus81 endonuclease and the Rqh1 helicase (Willis and Rhind, 2009).  Furthermore, 
rhp51∆ suppress the slowing defect of rqh1∆ but not mus81∆.  This epistatic relationship 
allowed us to define three epistasis groups in the S-phase DNA damage checkpoint 
pathway: Group I contains Cds1, Mus81 and its binding partner Eme1, Group II contains 
Rhp51 and other recombinational regulators, and Group III contains Rqh1 and Sfr1 
(Willis and Rhind, 2009 and Figure 5A).  The suppression of the MRN mutants’ slowing 
defects by rhp51∆ places MRN in Group III.  However, the additive nature of the nbs1∆ 
and sfr1∆ slowing phenotypes allows us to subdivide Group III into Rqh1 and Sfr1 in 
IIIA and MRN in IIIB.  This analysis suggests that MRN acts independently of, but in 
parallel to, Rqh1 and Sfr1 to negatively regulate Rhp51-dependent recombination. 
The Role of MRN in the S-Phase DNA Damage Checkpoint 
The epistasis analysis described above suggests that MRN negatively regulates Rhp51-
dependent recombination, which, if not inhibited, disrupts Mus81-dependent replication  
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Figure 3.5.  The Genetic Structure of the S-phase DNA Damage Pathway and a 
Model for its Function. 
(A) The placement of MRN in the epistasis relationship of the genes involved in 
checkpoint-dependent slowing of replication (Willis and Rhind, 2009).  The mus81∆ 
rhp51∆ double mutant has the same slowing-defective phenotype as mus81∆, thus 
mus81∆ is epistatic to rhp51∆.  Likewise, the rqh1∆ rhp51∆ double mutant has the same 
slowing-proficient phenotype as rhp51∆, thus rhp51∆ is epistatic to rqh1∆.  The analysis 
in this paper places the MRN mutations in epistasis group III with rqh1∆ and sfr1∆.  
However, the additive nature of the sfr1∆ and nbs1∆ phenotypes allow us to subdivide 
the group into sub groups IIIA and IIIB.  (B) A model for the checkpoint-dependent 
regulation of replication slowing.  Cds1 induces Mus81-dependent slowing.  However, 
this slowing requires Rhp51-dependent recombination be held in check by a combination 
of MRN, Sfr1 and Rqh1. 
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Figure 3.5.  The Genetic Structure of the S-phase DNA Damage Pathway and a 
Model for its Function. 
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slowing (Figure 3.5B).  This result, along with observation that the nbs1∆ sfr1∆ double 
mutant completely fails to slow, suggests that the checkpoint in fission yeast is largely 
dependent on the regulation of recombination.  A role in the regulation of recombination 
is consistent with recombinational phenotypes of MRN mutants, which include altered 
recombination patterns, reduced recombination between sister-chromatids and increased 
use of homologues for recombinational repair (Bressan et al., 1999; Paques and Haber, 
1999; Hartsuiker et al., 2001; Symington, 2002; van et al., 2002; Gonzalez-Barrera et al., 
2003).  However, the MRN nuclease activity is not required for slowing in response to 
DNA damage in fission yeast (de Jager et al., 2001; Limbo et al., 2007; Porter-Goff and 
Rhind, 2009).  Therefore, we speculate that MRN alters Rhp51-mediated recombination 
through its DNA-binding activity at forks, possibly by bridging of the nascent two sister 
chromatids during replication (de Jager et al., 2001).  In mammals, MRN is thought to 
work in parallel with a Chk2-Cdc25A pathway that regulates origin firing (Falck et al., 
2002; Yazdi et al., 2002).  Origin firing is also regulated in fission yeast (Kumar and 
Huberman, 2009).  However, Cdc25 is not involved in the fission yeast checkpoint 
(Kommajosyula and Rhind, 2006).  Furthermore, our results show that slowing is 
abrogated in nbs1∆ sfr1∆ double mutants or mus81∆ single mutants (Figure 3.3B and 
Willis and Rhind, 2009).  These results suggest slowing is largely dependent on the 
regulation of recombination and that origin regulation does not contribute significantly to 
the checkpoint-dependent, MMS-induced bulk slowing of replication seen in fission 
yeast. 
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The budding yeast homolog of MRN is not required to slow replication in response to 
MMS-induced DNA damage (Andrews and Clarke, 2005).  We suspect that this 
observation reflects a mechanistic difference in the way the two distantly related yeast 
deal with such damage.  Budding yeast slow bulk replication in response to 0.03% MMS 
less extensively than fission yeast, between 2 and 3 hours in budding yeast as compared 
to over 5 hours for fission yeast (Andrews and Clarke, 2005 and our unpublished data).  
Furthermore, the bulk slowing in budding yeast is dependent on the regulation of origin 
firing (Tercero and Diffley, 2001).  We propose that budding yeast relies less on 
checkpoint-dependent, recombination-based fork slowing and therefore do not show a 
requirement for MRN in the process. 
We show the MRN complex plays both upstream and downstream roles in the fission 
yeast S-phase DNA damage checkpoint.  However, epistatic analysis of the nbs1∆ and 
rhp51∆ mutants suggests that, although MRN mutants display reduced checkpoint 
signaling, loss of the downstream function negatively regulating recombination is 
responsible for the slowing defect displayed by MRN mutants.  Our results place MRN in 
a well-defined genetic pathway for the checkpoint-dependent regulation of replication in 
response to DNA damage that will provide a important framework for future mechanistic 
of MRN and the S-phase DNA damage checkpoint. 
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Table 3.1.  Strains used in Chapter III 
Strain Genotype 
yFS105 h- leu1-32 ura4-D18 
yFS162 h- leu1-32 ura4-D18 ade6-210 cdc10-m17 
yFS189 h- leu1-32 ura4-? ade6-704 rad3::ura4 
yFS199 h- leu1-32 ura4-D18 cds1::ura4 
yFS206 h- leu1-32 ura4-D18 chk1::pBF206 (chk1:9myc2HA6H ura4) 
yFS249 h- leu1-32 ura4-D18 nbs1::kanMX6 
yFS260 h- leu1-32 ura4-D18 cdc10-m17 rad3::ura4 
yFS263 h- leu1-32 ura4-D18 ade6-m210 his3-D1 cdc10-m17 rad32::kanMX6 
yFS265 h- leu1-32 ura4-D18 ade6-m210 his3-D1 cdc10-m17 rad50::kanMX6 
yFS267 h- leu1-32 ura4-D18 ade6-210 cdc10-M17 nbs1::kanMX6 
yFS268 h- leu1-32 ura4-D18 ade6-M210 his3-D1 tel1::kanMX4 
yFS281 h- leu1-32 ura4-D18 ade6-m210 his3-D1 cdc10-m17 tel1::kanMX4 
yFS299 h- ura4-D18 cds1::ura4 chk1::pBF206 (chk1:9myc2HA6H ura4) 
yFS543 h+ leu1-32 ura4-D18 ade6-210 cdc10-m17 cds1::ura4 
yFS548 h- leu1-32 ura4-? mik1::ura4 nmt1:pyp3(KanMX6) cdc10-m17 rad3::ura4  
leu1::pBF162 (nmt1:GSTcds1 leu1) 
yFS553 h+ leu1-32 ura4-D18 his3-D1 cdc10-m17 swi5::his3 
yFS556 h+ leu1-32 ura4-D18 ade6-? his7-366 cdc10-m17 rhp51::natMX6 
yFS633 h+ leu1-32 ura4-D18 ade6-? his7-366 1lox-nbs1 
yFS634 h+ leu1-32 ura4-D18 ade6-? his7-366 1lox-nbs1 fha∆ 
yFS635 h+ leu1-32 ura4-D18 ade6-? his7-366 1lox-nbs1 fhabrct∆ 
yFS636 h+ leu1-32 ura4-D18 cdc10-m17 1lox-nbs1 
yFS637 h- leu1-32 ura4-D18 ade6-m210 his3-D1 cdc10-m17 1lox-nbs1-fha∆ 
yFS638 h- leu1-32 ura4-D18 ade6-m210 his3-D1 cdc10-m17 1lox-nbs1-fhabrct∆ 
yFS639 h+ leu1-32 ura4-D18 cdc10-m17 nbs1::kanMX6 rhp51::natMX6 
yFS640 h- leu1-32 ura4-D18 his3-D1 cdc10-m17 nbs1::kanMX6 swi5::his3 
yFS641 h- leu1-32 ura4-D18 ade6-? cdc10-m17 cds1::ura4  nbs1::kanMX6 
yFS689 h+ leu-32 ura4-D18 nbs1::kanMX6 chk1::pBF206 (chk1:9myc2HA6H 
ura4)  
yFS690 h- leu-32 ura4-D18 rad3::ura4 chk1::pBF206 (chk1:9myc2HA6H ura4) 
yFS704 h- leu-32 ura4-D18 ade6-? cdc10-m17 rad32::kanMX4 rad51::natMX6 
yFS705 h+ leu-32 ura4-D18 ade6-? cdc10-m17 rad50::kanMX6 rad51::natMX6 
yFS706 h+ leu-32 ura4-D18 mik1::ura4 nmt1:pyp3(kanMX6) cdc10-m17 
rad3::ura4 nbs1::kanMX6 leu1::pBF162 (nmt1:GSTcds1 leu1) 
yFS707 h- leu-32 ura4-D18 his3-D1 cdc10-m17 nbs1::kanMX6 sfr1::ura4 
yFS708 h+ leu-32 ura4-D18 his3-D1 cdc10-m17 nbs1::kanMX6 rad51::natMX6 
sfr1::ura4 
yFS709 h+ leu-32 ura4-D18 ade6-M210 cdc10-m17 nbs1::kanMX6 swi1::kanMX6 
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Appendix 3.1.  Nbs1 Truncation Project 
Introduction and Rationale 
The Mre11-Rad50-Nbs1 (MRN) complex is a recombinational repair complex involved 
in many aspects of DNA metabolism. The MRN complex plays roles in repair of DNA 
daamge, checkpoint kinase activation in response to ionizing radiation, telomere 
maintenance, meiotic and mitotic recombination and slowing of replication in response to 
damage (D'Amours and Jackson, 2002). 
In humans, Nijmegen Breakage Syndrome is caused by expression of N-terminally 
truncated alleles of nbs1 lacking the fork-head associated (FHA) and BRCA1 C-terminal 
(BRCT) domains (Young and Painter, 1989; Carney et al., 1998; Varon et al., 1998). As 
such these domains have been proposed to be important in regulation of MRN's activities. 
The FHA and BRCT domains of Nbs1 are important for protein interactions, checkpoint 
regulation and sub-nuclear localization (Taylor et al., 2004). The fact that Nijmegen 
Breakage Syndrome is characterized by defects in the S-phase DNA damage checkpoint 
has lead to the suggestion that the FHA and BRCT domains may be specifically required 
for MRN's checkpoint functions. 
The fact that the nbs1 gene is essential and humans can tolerate at most truncations of 
Nbs1 lacking these N-terminal FHA and BRCT domains suggests a separation of 
function between Nbs1 essential, housekeeping roles and nonessential checkpoint roles. 
To determine if these domains are important for Nbs1 checkpoint function in fission 
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yeast, we expressed mutants lacking either the FHA or both the FHA and BRCT 
domains. 
Materials and Methods 
Strains used in this study are listed in Table 3.1; they were constructed using previously 
published alleles or those described below (Nakamura et al., 2002; Akamatsu et al., 2003; 
Chahwan et al., 2003 Willis and Rhind, in press).  Yeast strains were grown in Yeast 
Extract and Supplements (YES) media at 25 or 30˚C and manipulated using standard 
methods (Forsburg and Rhind, 2006).  Strains were synchronized, harvested and prepared 
for flow cytometry or Cds1 in vitro kinase assay as previously described (Willis and 
Rhind, in press).  For S-phase progression analysis, cells were released into media 
containing 0.03% of the alkylating agent methyl methane sulfonate (MMS) or untreated.  
For spotting assays cells were serially diluted from 6x106 to 2.5x104 cells/ml and 5 µl 
spotted onto media.  For UV exposure, plates were allowed to dry before irradiation using 
a Stratalinker 6000. 
nbs1 Allele Construction 
The nbs1 alleles lacking the FHA and BRCT domains were constructed using a PCR-
based targeting method to replace a portion of the 3’-end of the gene with a cassette 
containing the kanamycin resistance gene and inducible nmt1 promoter flanked by loxP 
sites (Werler et al., 2003).  The cassette was excised and a single loxP site left in the 3’-
UTR by transformation of targeted clones with PW6, which expresses of the bacterial Cre 
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recombinase; pFS240 was then lost from the strains.  We targeted nbs1 using PCR 
products amplified from the pFS315, a plasmid containing the loxP flanked nmt1 
promoter and kanMX6, using the following upstream primer, 
cgcacctatgcatcctcagttgtgaaaacagcattctggtttctgaattttttcaataaaaagaattttatgttgaaaaaGAATTC
GAGCTCGTTTAAAC, and three downstream primers: for full-length control  
acaatacggccataatgaaattgatatagctagtaagagataccttttagaatgtcaccctcagcctcaattatccacatTAGAA
GTGGCGCGtaagatcg, for the FHA deletion  
tatgcacttaaagttagtaaatcatatatagtcgataaaacttactttatcgtgaatggacatttacccagttgtattttcatTAGAA
GTGGCGCGtaagatcg, and for the FHA and BRCT deletion  
tcgttgttctttatgatatttttaaaacattcaagcgcatctggcattaggctggcgtcttcaattacggattctttaaccatTAGAA
GTGGCGCGtaagatcg. 
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Results and Discussion 
The FHA and BRCT domains appear to be required for all of MRN's functions. 
Compared with a wild-type control, both the nbs1-FHA∆ and nbs1-FHABRCT∆ mutants 
display sensitivity to MMS, UV, the UV mimetic 4NQO, and the replication inhibitor 
hydroxyurea (HU) (Figure 3.6A). We found both the nbs1-FHA∆ and nbs1-FHABRCT∆ 
mutants display a partial defect in replication slowing and signaling similar to the null 
mutant (Figure 3.6B). The nbs1-FHA∆ and nbs1-FHABRCT∆ mutants also display a slow 
growth phenotype, doubling in 3.7-4.1 hours as compared to 2.7 hours for wild type, and 
an increased number of dead and elongated cells, similar to nbs1∆ cells (Ueno et al., 2003 
and data not shown). This data shows the importance of these N-terminal domains in 
Nbs1 function even under conditions of optimal growth and suggests that the function of 
these domans is not limited to the checkpoint. 
The FHA and BRCT domains of Nbs1 are required for both in S-phase checkpoint 
function and constitutive DNA repair (Figure 3.6). The apparent separation of function in 
mammals may simply reflect a threshold effect, in which the checkpoint functions, 
requiring more MRN activity than the essential functions, are specifically compromised 
by partial loss of activity in MRN complexes lacking these domains (Cerosaletti and 
Concannon, 2003). 
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Figure 3.6.  Nbs1 FHA and BRCT Domains are Required for Rad32-Rad50-Nbs1 
Complex Activities 
(A) The FHA and BRCT functional domains of Nbs1 are required for proper response to 
DNA damage. Unlike wild-type (yFS105) and the unmutated nbs1 control (yFS633), the 
nbs1-FHAΔ (yFS634) and nbs1-FHABRCTΔ (yFS635) mutants display sensitivity to 
MMS, UV and HU similar to nbs1Δ cells (yFS249). cds1Δ (yFS199) cells with the 
exception of 3 mM HU exposure tolerate DNA damage far better than the nbs1 mutants. 
(B) The FHA and BRCT domains are required for replication slowing in response to 
DNA damage. In contrast with the unmutated nbs1 control (yFS636), nbs1-FHAΔ 
(yFS637) and nbs1-FHABRCTΔ (yFS638) mutants display slowing defects similar to the 
nbs1Δ mutant (yFS267). 
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Figure 3.6.  Nbs1 FHA and BRCT Domains are Required for Rad32-Rad50-Nbs1 
Complex Activities 
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Appendix 3.2.  Tel1 Project 
Introduction and Rationale 
Two sensor checkpoint kinases homologues to ATR and ATM are expressed in yeast, 
Rad3/Mec1 and Tel1 in fission and budding yeast respectively. In budding yeast ATM 
homologue, Tel1 plays a significant role in checkpoint response to double-stranded 
breaks (Morrow et al., 1995; Nakada et al., 2003). Fission yeast Tel1 is published to play 
a limited role in checkpoint response, responsible in part for HU induced phosphorylation 
of the Mrc1 adapter (Zhao et al., 2003) and functions in an MRN-dependent pathway for 
telomere maintenance in the absence of Rad3 (Matsuura et al., 1999; Nakamura et al., 
2002). My rotation project involved exploring any role that Tel1 might play in survival in 
response to replication arrest by HU, the S-phase DNA damage response to MMS, and 
UV and IR induced mitotic delay. 
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Materials and Methods 
Effect of DNA Damage on Septation Timing 
5ml cultures were inoculated from single colonies and scaled up over two days.  400ml 
cultures were allowed to grow to ~1.0OD600/ml overnight @30°C, 200rpm and the G2 
subpopulation harvested by elutriation.  A total of 20ml of elutriated cells was collected 
ranging in density between 0.15-0.35.  For exposure to ionizing radiation, cultures were 
divided into 5ml aliquots, transferred to 15mm culture dishes and exposed to 0, 50, 100 
and 200 gray of x-rays (Faxitron RX650 shelf position 8, 130kV, 1019rad/min).  For 
exposure to ultraviolet radiation, 1-3 OD of cells were concentrated onto 25mm 0.45um 
filters by vacuum, placed “colony side-up” on agar plates, and subjected to 0, 18, 36, 
54joule/m2 doses in a Stratagene Stratalinker.  After irradiation, cultures were transferred 
to glass culture tubes and incubated on a roller drum @30°C, 60rpm.  Every 20 minutes 
for three hours after elutriation, culture septation index was scored by DIC microscopy 
using a hemacytometer and Axioscop 40 fitted with a 40x objective lens.   
Effect of UV Exposure on Septating Cell Size 
To determine if uv induced DNA damage changed septating and divided-pair cell size, 
cells were elutriated as described above, mock or uv irradiated, and aliquots taken at 20 
minute intervals for 3 hours for immediate imaging without fixation.  For each time point, 
50ul cells were concentrated to 3ul by microcentrifugation (2000xg 5min @RT), spotted 
onto 75mm glass microslides, and sandwiched using No. 1 18mm cover slips.  Septating 
cells and divided-pairs were imaged by DIC microscopy using an Axioscop 2plus 
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microscope fitted with a 100x oil immersion lens and Spot RT Monochrome digital 
camera.  Cell size was determined using Spot software; 8.45pixel approximated 1un. 
Effect of S-phase DNA Damage on Slowing Replication 
Cdc10m17 mutants were utilized to arrest cultures in late G1 by incubation at non-
permissive temperature (35°C). Cultures were placed in a shaking water bath @35°C, 
200rpm for approximately 2 hrs to arrest a subpopulation of cells in G1.  G1, 2c DNA 
content, binucleate cells were elutriated at non-permissive temperature.  400-800ml 0.2 
OD600 per ml cultures were collected and mock treated, or exposed to 0.03%MMS, 
10mM hydroxyurea or 100gray (10,000rad) ionizing radiation (Faxitron RX650 shelf 
position 7, 130kV, 675rad/min, 15min).  Cells were treated so exposure to various DNA 
damaging agents concluded simultaneously. After completion of x-ray exposure, treated 
cultures were placed in a shaking water bath @25°C, 200rpm for the duration of the 
experiment.  At 20 minute intervals for 3 hours after elutriation, aliquots containing a 
total of 0.5 OD were transferred to 15ml conical tubes, pelleted using a tabletop 
centrifuge (2000xg, 5min @RT) and fixed in 70% EtOH.  Fixed cells were stored at 4°C 
until processed for FACS analysis. 
Effect of induction of damage in late G1 and S phase on S phase progression was 
determined by FACS sorting.  Spheroplasting yeast cells allowed for determination of 
nuclear DNA content by separation of nuclei from intracellular contents; cells containing 
two 1C or 2C nuclei registered by FACS sorting as containing only 1c or 2c content due 
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to individual nuclei separation by spheroplasting and sonication.  Yeast spheroplasts were 
prepared as described previously (Carlson et al., 1997), with the following exceptions: 
volumes of reagents to be used were reduced to allow cells to be prepared in 1.7ml 
eppendorf tubes; spheroplasts were treated with 250ug/ml RNaseA overnight @37°C and 
sonicated for 5 seconds to physically breakup cells and separate nuclei in both single 
nuclear and binucleate cells.  300ul spheroplast preparation was diluted in 600ul 1uM 
Sytox Green and analyzed using a Becton-Dickonson FACScan. 
Median values for control peaks corresponding to 1C and 2C nuclear genomic content 
were determined from FACS profiles of asynchronously growing and G1 elutriated, 
Sytox treated spheroplast populations.  Median values for profile peaks of spheroplast 
population released at permissive temperature were compared to control values for 1c and 
2c nuclear content.  Profile peak shifting over time was used as a qualitative measure of 
population S phase progression over time.  
A = 1C, B = 2C, C =  released peak mean value 
progression % = (C-A) 
     (B-A) 
 
Response to Chronic, and Recovery After Acute Hydroxyurea Exposure 
5ml cultures were inoculated from single colonies and scaled up over two days.  400ml 
cultures were allowed to grow to 1.0 OD600/ml optical density overnight @30°C, 200rpm, 
and the G2 subpopulation harvested by elutriation.  A total of 20ml elutriated cells were 
collected ranging in density between 0.15-0.35 and divided into four 5ml aliquots.  
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10mM Hydroxyurea was immediately added to two 5ml cultures followed by transfer of 
all cultures to glass culture tubes, and incubation on a roller drum @30°C, 60rpm.  
Aliquots were taken at 20 minute intervals for 3 hours after elutriation and septation 
index scored.  After scoring the first round of septation, after 5% of divided-pairs 
septated, cultures were transferred to 15ml conical tubes, sonicated for 5 seconds, and 
hydroxyurea removed by centrifugation and resuspension in fresh broth.  To determine if 
cultures successfully blocked further cell cycle progression under continuous exposure to 
HU or resumed cell cycle after HU removal, a 2nd round of septation was scored in 
cultures that were mock treated, continuously exposed to HU or washed of HU. 
To further determine the ability of cells to recover after HU exposure in S phase, cells 
were plated from 5ml elutriated cultures not used to score septation.  Following the first 
round of septation and culture sonication, cells were counted and ~500 cells plated in 
duplicate onto enriched media agar dishes.  Dishes were allowed to grow for three days 
before counting colonies.  Percent recovery was determined by comparison of treated to 
mock treated cultures. 
Yeast Sensitivity to Acute and Chronic Exposure to DNA Damaging Agents 
Yeast survival to acute and chronic exposure to DNA damaging agents was observed by 
serial dilution plating.  5ml cultures were inoculated from single colonies and grown 
overnight @30°C.  For acute exposure to 0.01% or 0.03%MMS, and 1mM, 3mM or 
10mM hydroxyurea, drug was added directly to asynchronously growing yeast cultures, 
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cultures transferred to glass culture tubes and incubated @30°C for 4-5 hours.  Mid-log 
phase growth cells were counted and eight serial 1:3 dilutions of 3e3 or 3e4 cells in 5ul 
were setup in 96 well flat-bottomed microtiter dishes.  5ul spots were deposited on 
enriched media agar dishes using a frog sterilized using 100% EtOH and flame.  For 
acute exposure to ultraviolet and ionizing (x-ray) radiation, untreated serial dilutions were 
plated on enriched media, allowed to dry to a soft sheen, and exposed using either a 
Stratagene Stratalinker or Faxitron Model RX650.  For chronic exposure to MMS or 
hydroxyurea, enriched agar media was autoclaved and cooled to 55°C, drug added, and 
20ml agar plates poured.  Plates were cooled on the bench-top and dried briefly for 20 
minutes in a sterile hood.  Untreated serial dilutions were spotted and  plates allowed to 
dry to a soft sheen before being placed in a 30°C incubator.  Duplicate plates were 
allowed to grow for 2-3 days before being imaged “colony side-down” on a Umax Vista 
Scanner. 
Yeast UV Response Kill Curve 
5ml cultures were inoculated from single colonies and grown overnight @30°C.  Cells in 
mid-log phase growth were sonicated, counted, and 500 or 5000 cells plated on enriched 
media agar dishes in duplicate.  Dishes were allowed to dry on the bench top to a soft 
sheen and exposed to 0, 50, 100, 150, 200, 230, 270, 300 and 350joule/m2 uv radiation.  
500 cells were plated for exposures up to and including 230joule/m2 and 5000 cells were 
plated for exposures of 230joule/m2 and up.  Plates were allowed to grow for 2-3 days, 
colonies counted, and survivor numbers compared to untreated controls. 
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Results and Discussion 
Rad3 is the primary kinase through which DNA insult signaling occurs and repair 
processes initiated in fission yeast. Tel1 plays a much less significant role in DNA 
damage checkpoint responses than Tel1 in budding yeast. In general, tel1∆ mutants are 
much less sensitive to exposure to a variety of DNA damaging agents than the rad3∆ 
control mutant. tel1∆ mutants were significantly more resistant to MMS, HU, UV and IR 
exposure than the rad3∆ control  (Figure 3.7A and B). Tel1 is not responsible for 
replication slowing in response to MMS (Figure 3.8A). Tel1 contributes little to 
checkpoint response to DNA damage or replication arrest in fission yeast. Tel1 is not 
required for septation delay in response to ionizing radiation (Figure 3.8B) nor is Tel1 
required for tolerance of extended HU arrest (Figure 3.8C).  
Tel1 is involved in some aspect of UV adduct repair since the tel1∆ mutant displayed 
decreased sensitivity to and delayed septation after high doses of UV (Figure 3.8D). Even 
though tel1∆ mutants displayed delayed septation after UV exposure, tel1∆ mutants 
displayed identical septation size to wild-type. Perhaps Tel1 activity in response to UV 
exposure is deleterious to cells’ repair and survival of UV adducts. Perhaps the presence 
of Tel1 channels recombinational repair to toxic products. However, no changes in DNA 
damage sensitivity have been reported in tel1∆ rad3∆ double mutants compared with 
rad3∆. This increased UV survival of the tel1∆ strain remains a mystery. 
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Figure 3.7.  tel1∆ Mutants are Resistant to DNA Damaging Agents 
(A) Wild-type (yFS105), rad3∆ (yFS189), nbs1∆ (yFS249) and tel1∆  (yFS268) mutants 
were compared by serial spotting for sensitivity to acute exposure (5hr) to a variety of 
DNA damaging agents including MMS, HU, ultra-violet and ionizing irradiation. rad3∆ 
served as the checkpoint defective control while nbs1∆ served as the repair deficient 
control.  tel1∆ mutants display wild-type like resistance to all 4 insults. (B) The assay 
was repeated for chronic exposure with similar results. 
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Figure 3.7.  tel1∆ Mutants are Resistant to DNA Damaging Agents 
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Figure 3.8.  Tel1 Plays a Minor Role in DNA Damage Checkpoint Responses 
(A) tel1∆ mutants (yFS281) slow replication in response to exposure to MMS during S-
phase. (B) tel1∆ mutants (yFS268) display wild-type like delay in undergoing mitosis 
compared with the wild-type control (yFS105) when exposed to 100 and 200 Gy ionizing 
radiation. (C) In contrast to rad3∆ mutants (yFS189), tel1∆ mutants (yFS268) display no 
defect in recovery from extended HU arrest in early S-phase. (D) tel1∆ mutants (yFS268) 
display slightly increased resistance to UV irradiation compared with wild-type 
(yFS105). tel1∆ mutants display a delay in septation in response to UV compared with 
wild-type but no differences were measured in cell length at time of sepatation (initiation 
of mitosis). 
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Figure 3.8.  Tel1 Plays a Minor Role in DNA Damage Checkpoint Responses 
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Chapter IV.  Unpublished Data 
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Appexdix 4.1.  Measurement of Replication Intermediates by Two-Dimensional Gel 
Electrophoresis 
Introduction and Rationale 
Two-dimensional gel electrophoresis allows the visualization of replication and 
recombination intermediates produced at any particular locus of the genome at different 
points during S-phase. This technique has been used to analyze origin firing efficiency 
and replication fork metabolism in both budding and fission yeast (Brewer and Fangman, 
1987; Noguchi et al., 2003; Liberi et al., 2005). Replication intermediates are first 
separated by size and then by shape. A profile illustrating replication intermediates 
observed is shown in Figure 4.1A. 
In budding yeast, null mutants of the recQ helicase homologue Sgs1 display slight defects 
in replication slowing but dramatically increased accumulation of X-shaped intermediates 
in response to MMS. These persistent X-shaped intermediates are recombination 
dependent and greatly reduced when rad51 is absent (Frei and Gasser, 2000; Liberi et al., 
2005). Since the fission yeast sgs1 homologue mutant rqh1∆ fails to slow in response to 
MMS, we speculated that rqh1∆ mutants display aberrant recombination intermediates by 
two-dimensional gel electrophoresis. Such a result would provide a synthetic mechanism 
explaining the failure to slow in rqh1∆ mutants and genetic interaction between rhp51∆ 
and rqh1∆. (While the rqh1∆ parent fails to slow in response to MMS, the rqh1∆ rhp51∆ 
double slows well by flow cytometric analysis). 
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Figure 4.1.  A General Description of Two-Dimensional Gel Electrophoresis 
(A) DNA is digested with restriction enzymes to reduce DNA to useable size for normal 
running conditions (50-150V, 1% agarose). DNA is first separated by size and then by 
shape and replication intermediates commonly seen are described in the right-hand panel. 
Bubble arcs are produced when the restriction fragment for the region of interest contains 
an active firing origin. Y-arcs are representative of replication forks traveling through the 
region of interest. X-shaped intermediates are believed to be recombination intermediates 
or hemi-catenane structures produced between sister-chromatids. Linear DNA represents 
the majority of DNA observed which contains no shape. (B) Two loci analyzed by 2DGE 
are shown: at3001, an origin found in the rDNA repeat region of fission yeast and 
at3004/3005 a unique region near the ura4 locus which contains two origins in close 
proximity. Restriction enzymes used for DNA digestion and regions used for southern 
blot probes for each region are shown. 
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Figure 4.1.  A General Description of Two-Dimensional Gel Electrophoresis 
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Materials and Methods 
Genomic DNA was isolated and two-dimensional gel electrophoresis performed as 
described (Noguchi et al., 2003). For analysis of at3001 located in the rDNA repeat 
region, genomic DNA was digested with KpnI and HindIII. For analysis of the 
at3004/3005 region, DNA was digested with EcoRI. Southern blotting was also 
performed as described (Noguchi et al., 2003). Cells were synchronized using a 
combination of cdc10-m17 transient arrest and centrifugal elutriation as described (Willis 
and Rhind, 2009 see Chapter 2). 
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Results and Discussion 
Several loci were used for two-dimensional southern blotting including at3001, the origin 
found in the rDNA repeat regions of Chromosome III, and at3004/3005, a region 
containing two origins in the ura4 locus (Figure 4.1B). at3004/3005 is a unique region 
while at3001 is present in hundreds of copies in an unusual part of the genome. Both loci 
offered unique advantages over the other in our analysis. The fission yeast genome 
contains hundreds of copies of the rDNA origin at3001, which should help boost overall 
southern blotting signal. However, at3001 is a normal origin with respect to efficiency 
firing with 30% efficiency. at3004/3005 represents a pair of origins located so close 
together as to make it impossible to determine which origin fired by two-dimensional gel 
electrophoresis or microarray methods (these two origins have been separated using deep 
sequencing in collaboration with Helicase, N. Kommajusyla unpublished data). The 
combined at3004/3005 efficiency is about 70% compared with average of about 30% 
(Patel et al., 2006). This increased efficiency may boost signal to noise ratio of the two-
dimensional profiles of the  replication-recombination intermediates. 
Unlike results published in budding yeast (Liberi et al., 2005), X-shaped intermediates do 
not accumulate to a great degree in response to MMS in fission yeast. at3004/3005 two-
dimensional gel electrophoresis profiles for wild-type strains and rqh1∆ mutants show 
mildly increased X-shaped intermediates in response to MMS (Figure 4.2A). X-shaped 
intermediates are believed to be recombination intermediates since these structures are 
also present in DNA from HU arrested cells. HU treatment stalls all replication forks and 
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induces a strong recombinational response and consequently a lot of X-shaped 
intermediates. The cone-shaped signal indicative of X-shaped intermediates is present in 
both wild-type and rqh1∆ strains treated with MMS and HU which is not present in 
untreated controls (Figure 4.2A). 
Like results obtained in budding yeast, the moderate increase in cone-signal in fission 
yeast is dependent upon Rhp51 (Figure 4.2B). The distinct X-shaped intermediates and 
majority of the rest of the cone signal is gone in MMS treated rhp51∆ mutants and also 
absent in rqh1∆ rhp51∆ double mutant. While this result may support our hypothesis, X-
shaped intermediates observed are not robust and these results would be difficult to 
publish. 
Recombination may be regulated differently in the rDNA repeat region to preserve repeat 
region stability and integrity. Repeat region integrity is reduced in rqh1∆ in S. pombe and 
sgs1∆ mutants in budding yeast (Versini et al., 2003; Weitao et al., 2003). A comparison 
of two-dimensional gel electrophoresis profiles of at3004/3005 and at3001 loci was 
performed and no significant differences were observed (Figure 4.2C). The extra cone 
signal present in these profiles indicates that while recombination may be regulated in a 
different manner in the rDNA repeat region, this phenomenon does not significantly alter 
intermediates produced by exposure to MMS. This result also indicates that analysis of a 
unique region within the genome is not necessary for future experiments. 
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Figure 4.2.  Results using Two-Dimensional Gel Electrophoresis 
(A) MMS and HU exposure produce X-shaped intermediates in both wild-type controls 
(yFS162) and the rqh1∆ mutant (yFS154) during replication. (B) X-shaped intermediates 
appear to be recombination dependent and are absent in the rhp51∆ control and the 
rhp51∆ rqh1∆ double mutant. (C) Little difference is seen in intermediates observed 
inthe at3001 rDNA repeat region and at3004/3005 ura4 region. 
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Figure 4.2.  Results using Two-Dimensional Gel Electrophoresis 
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Appendix 4.2.  Endonuclease Project 
Introduction and Rationale 
Failure to slow replication in response to DNA damage appears to be due to a failure in a 
pathway either downstream of or parallel to the checkpoint involving recombinational 
control which effects replication fork metabolism. Recently, several papers using 
prokaryotic systems have speculated that perhaps RecA, the Rhp51/Rad51 central 
recombinase homologue in bacteria, allows repriming of the leading strand polymerase 
after uncoupling of leading and lagging polymerases upon fork stalling at an 
insurmountable DNA lesion (Heller and Marians, 2006; McInerney and O'Donnell, 
2007). Downstream polymerase/replisome repriming could leave a transient nick or gap 
in polymerized complementary sequence. These nicks and gaps may be detectable on a 
grand scale using endonuclease digestion and gel electrophoresis. We would expect 
mutants which fail to slow would display increased DNA smearing due to wide-spread 
digestion by endonucleases of gaps and nicks produced in response to repriming in the 
presence of MMS. Also, recent work by Lopes et al., shows both checkpoint and 
recombination mutants display accumulations of nicks and ssDNA gaps proceeding fork 
passage (Lopes et al., 2006). 
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Materials and Methods 
High quality genomic DNA was isolated as described Noguchi et al (Noguchi et al., 
2003). DNA was isolated from cultures synchronized in G1 and released back into the 
cell cycle to progress into and through S-phase in the presence or absence of MMS, from 
cultures synchronized in G2 by elutriation, and also from asynchronous cultures treated 
with HU for 4 hours. 500 ng genomic DNA was digested for 15 minutes with a serial 
dilution of mungbean endonuclease or S1 endonuclease (10 to 0.1 units per 20 ul digest). 
Reactions were quenched by addition of 5 ul 0.5M EDTA pH 8.0. DNA was 
electrophoresed using either traditional means (1% agar in 0.5x TAE, 25 min @100V) 
and by pulsed-field gel electrophoresis, PFGE, (1% agar in 1x TBE, run 16hr). 
  
183 
Results and Discussion 
Initially, DNA from G1 synchronized cells or cells arrested in early-S by HU was 
compared. We were hoping that HU treated samples contain DNA with enough ssDNA 
gaps located around arrested replication forks to produce a lot of fragments of about 
10kB in size after nuclease digest. HU treatment produces a lot of ssDNA, induces strong 
recombinational response and replication forks only travel about 5kB in the presence of 
HU before nucleotide pools are depleted. Figure 4.3A shows little difference between 
DNA from G1 synchronized or HU arrested cultures. G1 DNA actually displayed greater 
digestion. 
G1 DNA isolated appeared to contain a lot of ssDNA. Therefore we compared DNA 
from HU arrested cultures to DNA from G2 synchronized cultures (G2 populations were 
isolated by centrifugal elutriation). Again, little difference was observed between the two 
samples. While G2 DNA displayed much less nuclease digestion, HU treated controls did 
not display much of an increase in digestion (Fig. 4.3B).  
Perhaps HU treatment doesn’t produce enough DNA nicks or gaps to persist and 
accumulate enough to be detected by nuclease digestion. MMS treatment in budding 
yeast in checkpoint mutants shows a high degree of ssDNA (Lopes et al., 2006). We 
compared MMS treated mid-S phase DNA to DNA isolated from untreated cells allowed 
to complete replication from cells and enter G2. No differences were observed in 
nuclease digests (Fig. 4.3C), also no differences were observed when DNA isolated from 
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wild-type and the rqh1∆ strain (which fails to slow in response to MMS) were compared 
(Fig. 4.3C). Finally, HU arrested DNA and G2 DNA were compared by PFGE. DNA was 
smeared in all samples and HU treated DNA actually displayed slightly more digestion 
than G2 controls specifically around 10kB in size, about that length of DNA produced by 
arrested forks or early origins. 
Summary 
About equal digestion was observed in control G2 DNA, HU arrested DNA, and MMS 
treated “mid-S phase” DNA. This was observed for DNA run either quickly at room 
temperature or after extended runs using PFGE. 
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Figure 4.3.  Endonuclease Analysis of Gennomic DNA 
(A) Mungbean and S1 endonucleases show greater digestion of G1 control DNA 
compared with HU arrested DNA from wild-type strain (yFS162). (B) G2 control and 
HU arrested DNA preparations digested with mungbean or S1 endonuclease look very 
similar. (C) MMS treated DNA displays slightly greater digestion by endonucleases 
compared with untreated mid-S phase control DNA. No significant differences were seen 
comparing wild-type (yFS162) and rqh1∆ (yNW154) DNA. (D) DNA prepared from 
wild-type strains (yFS162) was compared by pulsed-field gel electrophoreis. HU arrested 
DNA shows greater prevalence of 10kB species compared with G2 DNA however there 
is no significant differences in smearing of DNA species of smaller size. 
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Figure 4.3.  Endonuclease Analysis of Gennomic DNA 
 
  
187 
Appendix 4.3. Flow Cytometry Preparation Refinement 
Introduction and Rationale 
Flow cytometry is often used in cell cycle studies to determine percent of populations in 
G1, S and G2 phases of the cell cycle. We use flow cytometry of cellular DNA content to 
follow cells as they cycle from G1 to and through S phase, into G2 and finally undergo 
mitosis and cytokinesis. Measuring S-phase progression using existing techniques proved 
extremely difficult. The cell preparation technique we initially used suffered from low 
signal to noise ratio and arrested yeast populations displayed an artificial increase in 
DNA content with time. This increase in signal by flow cytometry was due to arrested 
cells continuing to elongate. This increase in cell size and increase in intracellular 
organelles including mitochrondria cause increased signal shifting from left to right, 
displaying a false increase in nuclear DNA content (Figure 4.4A and B). 
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Materials and Methods 
For G1 and G2 arrest, cells containing the cdc10-m17 or cdc25-22 alleles were grown at 
25˚C, diluted and shifted to nonpermissive temperature 35˚C for the time indicated. 0.5 
OD600 cells were then fixed in 70% ethanol at 1 hr intervals. Samples were divided in two 
and processed using either whole cell preparation technique (Rhind and Russell, 1998a) 
or isolated nuclei preparation (Willis and Rhind, 2009). In both cases, after cell 
preparation and disruption using a Branson sonifier, 300ul preparation was mixed with 
300ul 2uM Sytox Green stain in 1x PBS and analyzed using CellQuest Software (version 
3.1) on a BD FACscan flow cytometer. 
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Results and Discussion 
I came across a publication by Carlson (Carlson et al., 1997) describing measuring 
nuclear DNA content rather than cellular DNA content by flow cytometry. Adapting this 
protocol to be more suitable for high throughput flow cytometry, we were able to both 
reduce or eliminate the artificial increased shift with cell size (Figure 4.4 A and B). Also 
the signal to noise ratio was increased allowing us to better measure progression through 
S phase (Figure 4.4C). 1C and 2C populations display considerable overlap using the 
whole cell preparation method as opposed to the nuclear preparation method (Figure 
4.4C) 
Using the adaptation of this protocol, we were able to refine our data for S-phase 
progression. We were able to show that MRN mutants displayed an intermediate defect in 
the S-phase DNA damage response (Figure 2.1). This observation lead to my entire 
genetics of slowing project, epistasis grouping and analysis, and gave the lab a great tool 
for better following cells as they cycle between 1C and 2C nuclear DNA content and 
through S phase from unreplicated to replicated genome. 
Studies using Sytox Green stained nuclear DNA content still allow only “one 
dimensional” measurement and representation of DNA content using of either dot plots 
or histogram plots, plotting cell count vs. FL1-H (Sytox) signal strength. Metazoan cell 
cycle studies often use analysis of cell preparations pulsed with the thymidine analog 
BrdU. Nuclei containg DNA labeled with incorporated BrdU may be formally separated 
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from G1 (2C) and G2 (4C) populations. By measuring DNA content using propidium 
iodine stain and detecting BrdU incorporation using FITC-conjugated anti-BrdU 
antibodies, a two-dimensional map of nuclear content may be generated. G1/2C and 
G2/4C populations without newly replicated DNA containing BrdU form the base of 
either side of this arc, while S-phase cells constitute the upper portion of the arc of the 
rainbow rising above the G1 and G2 populations. Cell cycle analysis using this technique 
produced extremely fuzzy and messy profiles in fission yeast and was abandoned after 
several attempts (data not shown). If such analysis could be refined in fission yeast, we 
would be better able to determine the percentage and timing of cell entrance into S-phase 
from G1 and distinguish G2 cells that have not undergone replication from those cells 
that have progressed through S-phase and into G2. 
Summary 
Improved processing of cells to measure nuclear DNA content allowed us to greatly 
improve our ability to quantitate progression of cells through S-phase and better 
discriminate between cell populations in G1, S and G2. Spheroplasting cells to eventually 
separate nuclei from cytosolic DNA and RNA species has eliminated much of the 
artifactual shift in cellular DNA content shown upon cellular growth and elongation. 
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Figure 4.4.  Refinement of Cell Preparation for Flow Cytometry 
(A) yFS162 cells containing the cdc10-m17 temperature sensitive allele were incubated at 
nonpermissive temperature 35˚C. Cellular DNA signal increases with time arrested more 
so than nuclear DNA signal. (B) yFS128 cells containing the cdc25-22 temperature 
sensitive allele also displayed increased signal with time when prepared using the whole 
cell method rather than the nuclei method. (C) Overlay of samples prepared using both 
methods.
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Figure 4.4.  Refinement of Cell Preparation for Flow Cytometry 
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Appendix 4.4.  Recombination by Genetic Output 
Introduction and Rational 
Measuring recombination by genetic output is commonly employed in yeast to determine 
if mutants display increased or decreased recombination frequency and therefore 
abnormalities in recombinational control in response to a variety of insults.  
The Osman lab was the first to publish results measuring damage induced and 
spontaneous recombination frequency of various recombination and checkpoint mutants 
(Fortunato et al., 1996; Osman et al., 1996; Osman et al., 2000; Osman et al., 2002).  A 
heterallele cassette containing two noncomplementary alleles of the ade6 auxotrophic 
marker flanking another auxotropic marker such as ura4 was used (Figure 4.5B). These 
strains were characterized to fail to grow on ade- media or on rich media containing 
guanine. Only after undergoing a recombination or repair event combining the two ade6 
heteroalleles in such a manner as to produce a ade6+ allele, and therefore a prototrophic 
clone, would these strains grow under such selection. Two genetic outcomes were 
possible to produce a prototroph: deletion events in which the ade6+ allele was produced 
but the flanked ura4 marker was lost; conversion events in which the ade6+ allele was 
produced and the flanked ura4 marker maintained (Figure 4.5B). Prototrophs appear 
white instead of red on low adenine media. The rhp51∆ and rqh1∆ strains were 
characterized to be hyper-recombinant for deletion events. Therefore deletion events 
were suggested to represent toxic, unscheduled, or aberrant recombination events (Doe et 
al., 2000; Osman et al., 2000). 
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Figure 4.5.  Characterization of the ade6 Heteroallele Recombination Cassette 
(A) Plating results for the otherwise wild-type strain (yFS234) containing the ade6 
heteroallele recombination cassette. On YEA a few prototrophs expressing an ade6+ 
allele show up as white colonies. Only white colonies grow on plates lacking adenine or 
on rich media supplemented with guanine, a toxic compound in the absence of the 
adenine biosynthetic pathway. Prototroph frequency measurements using this strain were 
found to be inconsistent as shown in the lower two photos in panel A. (B) The heteroalle 
cassette contains two noncomplementary alleles of the ade6 gene, L469 and M375 
flanking the ura4 marker. The cassette is duplicated in S-phase and may undergo inter-
chromatid recombination between identical sisters. Only events in which unequal 
exchange occurs may be measured using this cassette. Recombination within the cassette 
yields two outcomes: deletion prototroph in which the ura4 marker is lost; conversion 
prototroph in which the ura4 marker is maintained. 
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Figure 4.5.  Characterization of the ade6 Heteroallele Recombination Cassette 
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Previous experiments showed a loss of recombinants in S-phase DNA damage 
checkpoint mutants (Osman et al., 2002). Our early experiments with rhp51∆ mutants, 
showed recombination was required for slowing (later this mutant was found to contain a 
suppressor and rhp51∆ mutants normally slow well). Therefore we believed both the 
checkpoint and recombination were required for slowing. Originally, we were hoping to 
show the checkpoint positively regulated recombination to promote slowing in response 
to MMS. We expected a positive correlation between checkpoint regulated recombination 
and replication slowing.  
Later, after we discovered the native slowing phenotype for rhp51∆ mutants, we realized 
the nonslowing mus81∆ and rqh1∆ mutants display increased spontaneous, UV and HU 
induced recombination (Doe et al., 2000) (Hope et al., 2005) (Boddy et al., 2000; Kai et 
al., 2005). We were hoping to show a relationship between failure to slow replication in 
response to MMS and hyper-recombination. Such a result would also support our 
hypothesis that quick replication in the presence of MMS requires efficient replication 
fork bypass of DNA damage, presumably using sister-chromatid exchange. This result 
would support our hypothesis that recombination allows strains harboring rqh1 and 
mus81 null alleles to fail to slow. 
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Materials and Methods 
Experiments using heteroallele recombination cassettes were performed using either 
asynchronous cultures or cultures synchronized in G1 and released to progress into S-
phase. In some cases, mutants harboring the cdc10-m17 temperature sensitive allele were 
arrested in G1 for 4 hours at nonpermissive temperature (35˚C) and then released to 25˚C 
to progress into S-phase in the presence of insult. G1 cells were also synchronized using a 
combination of cdc10-m17 transient arrest and sterile centrifugal elutriation (Willis and 
Rhind, 2009). In either case, cells were released from the arrest to permissive temperature 
and either irradiated in mid S-phase with UV or treated 0.03% MMS, added just prior to 
S-phase entrance. Cells were plated for viability on YES and to select for recombinants 
(prototrophs for the ade6 auxotrophic or kanamycin resistance genes) on YES-
GuanineHCl or YES-G418. After 4 days growth, colonies were counted and survival and 
recombination frequency determined.  
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Results and Discussion 
Most studies using these heteroallele cassettes measure conversion and deletion events in 
response to IR, HU or UV irradition (Fortunato et al., 1996; Osman et al., 2000). Our 
early experiments measuring recombination in synchronous cultures irradiated in mid S-
phase with UV showed little difference between wild-type and rad3∆ strains (Figure 
4.6A). While rad3∆ and wild-type strains differed dramatically in their survival in 
response to increased dosage of UV (Figure 4.6A left panel), recombination frequency 
and a comparison of recombination frequency plotted against survival showed little 
difference between checkpoint proficient and deficient strains (Figure 4.6A right hand 
panel). 
Experiments were repeated using MMS to produce the slowing by S-phase DNA damage 
checkpoint and induce recombination. Our hope was that MMS would produce a strong 
recombinational response which could be measured by this genetic output. Also, addition 
of MMS to G1 cultures allowed to progress into S-phase is far easier than hitting cells in 
mid-S with UV radiation. MMS did result in recombination, however little difference 
were seen upon comparison of wild-type, cds1∆ and rhp51∆ controls (Figure 4.6B). 
cds1∆ strains were used because these strains are far less sensitive to DNA damaging 
agents than rad3∆ (Figure 4.6D). We had hoped that increased survival might lead to 
increased recombination frequencies above those observed for rad3∆. rhp51∆ strains are 
known to display a hyper-recombinant deletion phenotype so we compared the 
conversion frequency exhibited by these strains (see Figure 4.5B for conversion vs.  
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Figure 4.6.  ade6+ Prototroph Production is Not Recombination or Checkpoint 
Dependent 
(A) Unequal exchange and recombination were induced by exposure to UV while cells 
were in mid S-phase after elutriation in G1. rad3∆ strains (yNW114) were much more 
sensitive to UV and displayed greater recombination frequency to low doses of UV 
compared with the wild-type control (yNW107). However, a comparison of measured 
recombination frequency plotting against survival showed little difference between the 
two strains. (B) MMS induced recombination was found to increase to a similar extent in 
wild-type (yNW107), cds1∆ (yNW118), rhp51∆ (yNW124) and nbs1∆ (yNW120) 
strains. Conversion frequency was found to be very low in MMS induced recombination 
and equal between wild-type, rhp51∆ and cds1∆ strains. (C) Conversion events were not 
produced in cells arrested in S-phase using HU. (D) Sensitivty to MMS and HU exposure 
after release from G1 is shown for all ade6 cassette containing strains used.
  
200 
Figure 4.6.  ade6+ Prototroph Production is Not Recombination or Checkpoint 
Dependent 
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deletion event details). Little differences were observed in MMS induced conversion 
frequencies between strains (Figure 4.6B right panel). Conversion events actually 
remained flat in response to acute exposure to high doses of MMS and comprised less 
than 1% of total recombination events measured regardless of strain used (Figure 4.6B). 
Experiments were repeated using HU arrest that also induces recombination and in some 
genotypes, replication fork breakage. No strain tested displayed significant increase in 
conversion frequency in response to HU arrest including the rhp51∆ mutant (Figure 
4.6C). 
We postulated that perhaps we needed a heteroallele cassette containing a stronger 
selectable marker in a different orientation. The ade6 heteroallele cassette relies on 
negative selection due to failure to metabolize guanine into nontoxic products in addition 
to positive selection for the ade6+ allele production. Perhaps the lack of differences 
between checkpoint and recombination mutants was due to a lack of strong positive 
selection such as that found using fungicidal/bactericidal selection. The ade6 cassette 
employed “mutations in” oriented point mutants, meaning that an ade6+ gene could be 
produced by intra-chromatid recombination between the two heteroalleles on the same 
chromatid due to replication slippage. I made several heterallele cassettes containing the 
geneticin/G418 resistance gene. I made both “mutations in” and “mutantions out” 
oriented cassettes and used G418 truncation mutants rather than point mutants to 
eliminate prototroph production due to reversion events or gene conversion between 
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point mutated heteroalleles. Construction of each cassette is illustrated in Figures 4.7A 
and 4.8A. 
Pilot experiments with the “mutations in” G418 cassette in which asynchronous (90% 
cells in G2) cultures were UV irradiated gave promising results. Wild-type control strains 
displayed a 1-2 fold increase in recombination frequency (Figure 4.7B). Cultures 
synchronized in G1 by elutriation and UV irradiated in mid-S phase also showed 
increased recombination frequency with decreased survival. However, this was not the 
case with MMS treatment (Figure 4.6C and D). Induced recombination and survival in 
response to acute MMS exposure remained flat over the timecourse (Figure 4.7D).  
Alternatives to elutriation for G1 synchrony were explored including simply arresting 
cells using the cdc10-m17 allele in late G1 and releasing the population to progress into 
S-phase. Pilot experiments showed recombination induced by UV exposure was due to 
exposure of cells in G1 and S and not G2 (Figure 4.7E). A comparison of recombination 
between rhp51∆, cds1∆, wild-type and sfr1∆ showed little difference between strains 
when performed using this method (Figure 4.7F). Finally we compared recombination 
profiles of wild-type and the sfr1∆ mutant (which failed to slow in response to MMS) 
cultures synchronized by elutriation and UV irradiated in mid S-phase; no differences 
were observed (Figure 4.7C).  
The “mutations in” orientation ade6 and G418 cassettes are not useful for our purposes. 
We find no correlation between slowing and recombination. The recombination measured  
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Figure 4.7.  The ‘Mutations in’ Kanamycin Cassette 
(A) A cassette containing truncation mutants of the kanamycin resistance gene conferring 
resistance to Geneticin/G418 was inserted into the mik1 locus. An allele of the kan gene 
was amplified by PCR and ligated into pFS107. This allele contained an out of frame 
start codon and truncated 3’ end of the ORF. The plasmid was linearized by digestion 
within the truncated Kan ORF and by recombination integrated into the mik1 locus in 
such a manner to produce a hetereallele containing cassette with the mutations oriented 
towards the his3 marker. (B) Exposure to UV caused increased recombination frequency 
with decreased survival in wild-type control strain (yNW320). (C) G1 synchronized cells 
also displayed increased recombination frequency in response to UV. No difference was 
seen for strains which slow or fail to slow replication in response to UV. Results for wild-
type (yNW320), and sfr1∆ (yNW336) strains were similar. (D) No increase in 
recombination frequency was observed in response to MMS in G1 synchronized and 
released wild-type strains (yNW320). (E) Recombination observed is not due to post-
replication repair. UV exposure was found to induce recombination only when cells were 
in G1 or S-phase and not in G2. No differences were observed between wild-type 
(yNW320), cds1∆ (yNW342) and rhp51∆ (yNW333) mutants. 
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Figure 4.7.  The ‘Mutations in’ Kanamycin Cassette 
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in response to other agents such as UV are not checkpoint or recombinase-dependent. 
MMS induced DNA damage produces mostly deletion recombinants and rhp51∆ mutants 
are hyper-recombinant for deletion events using the “mutations in” recombination 
cassettes. This phenotype of rhp51∆ mutants and lack of significant production of 
conversion recombination events by MMS could potentially mask any changes to 
recombination frequency brought about by mutations in recombinational regulators such 
as rqh1, sfr1 and mus81.  
Therefore, a “mutations out” oriented G418 cassette was constructed (Figure 4.8A). This 
cassette was engineered to eliminate recombinants arising due to replication slippage or 
intra-chromatid recombination. The truncations of the kanamycin resistance gene were 
oriented towards the outside of the cassette, preventing intra-chromatid recombination to 
produce a kan+ allele. Such a mechanism available to strains harboring the “mutations 
in” oriented cassettes that might explain the lack of differences seen between checkpoint 
and recombinase mutants and wild-type control strains. 
Unfortunately, the “mutations out” oriented cassette also proved to not be useful. Pilot 
experiments using UV irradiation of asynchronous cultures showed both wild-type and 
cds1∆ strains were relatively resistant to UV while recombiantion mutants rhp51∆, sfr1∆, 
rad22∆ were all sensitive to UV (Figure 4.8B). However, strains displayed similar 
increases in recombination frequency when recombination frequency was plotted versus 
survival (Figure 4.8B). As observed with the “mutations in” recombination cassette,  
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Figure 4.8.  The ‘Mutations out’ Kanamycin Cassette 
(A) The mutations out oriented kanamycin recombination cassette was constructed first 
by amplifying the truncated kanamycin ORF by PCR with 100 base-pair oligomers 
complimenatry to the ura4 marker locus. Transformants were selected on 5FOA to select 
against ura4 allele. The his3+ marker containing plasmid pNW3 was linearized and 
targeted to the ∆kan∆ allele in the ura4 locus to produce a heteroallele containing cassette 
with mutations in the kan ORF oriented towards the outside of the cassette. (B) UV 
induced recombination was found to not be dependent upon checkpoint kinases or the 
recombination machinery. Wild-type (yNW195), cds1∆ (yNW257), sfr1∆ (yNW258), 
rhp51∆ (yNW269), and rad22∆ (yNW302) all displayed similar increases in 
recombination with decreasign survival. (C) Synchronized G1 cultures released in the 
presence of HU or MMS did not display any recombination in wild-type strains 
(yNW240). (D) Recombination observed in the wild-type control (yNW240) for UV 
exposure was found to be dependent upon cell exposure in G1 or S-phase and not G2, 
suggesting recombination is replication dependent and not dependent of post-replicative 
repair processes. 
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Figure 4.8.  The ‘Mutations out’ Kanamycin Cassette 
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survival and recombination in response to MMS were also flat (Figure 4.8C). Also, UV 
induced recombination was dependent upon damage induced during G1 and S-phase but 
not in G2 (Figure 4.8D). This result suggested recombination measured was due to 
recombination occurring with replication and not due to post-replicative repair in G2. HU 
treatment was used as a control for S-phase induced recombination. as shown in Figure 
4.8C, HU treatment induced little increase in recombination in wild-type cells. 
The sfr1∆ result is important, demonstrating that at least some group III mutants do not 
display recombination differing from wild-type in response to DNA damage. Perhaps 
rqh1∆ and mus81∆ mutants would display a difference and the suppression of the rqh1∆ 
phenotype would be related to recombination frequencies returning to wild-type levels in 
response to UV. Although determining if the hyper-recombinant phenotype of rqh1∆ 
strains were suppressed by swi5∆ deletion would be in line with our model, this work 
would not provide additional insight into the mechanism of slowing. Obviously 
recombination is involved in slowing, an additional readout to show recombination 
occurs would not be that usedful. 
MMS treatment causes a strong slowing response, however recombination measured by 
genetic output is mostly due to deletion events. rhp51∆ mutants are hyperrecombinant for 
deletion events. Perhaps 4NQO would serve as an alternative DNA damaging agent. 
4NQO treatment causes strong replication slowing in wild-type controls (data not 
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shown). Perhaps 4NQO treatment would induce replication-dependent recombination but 
unlike MMS, produce many more conversion type prototrophs. 
It is worth noting that when rhp51∆ strains were tested, we were using the Murris lab 
rhp51::ura4 allele, shown by us to contain a suppressor. Perhaps this suppressor allows 
this strain not only to fail to slow replication in the presence of MMS but also display a 
hyper-recombinant phenotype in response to damage during replication. We could repeat 
some of the pilot experiments using the rhp51::natR allele we constructed. This exciting 
possibly is somewhat dampened by the fact that the sfr1∆ strain displays recombination 
equal to wild-type in response to UV (Figure 4.7C). 
Summary 
Measurement of recombination by genetic output has not been useful.  Recombination 
measured by unequal sister-chromatid exchange using heteroallele containing cassettes of 
any kind appears to be checkpoint and recombinase independent.  Attempts to improve 
selection for prototrophs using the kanamycin resistance gene were successful but only in 
reducing contaminants. 
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Appendix 4.5. Hsk1 Replication Kinase and Slowing 
Introduction and Rationale 
In response to damage and replication stress, S-phase DNA damage and S-M replication 
checkpoints prevent origin firing. To determine if prevention of origin firing is sufficient 
to produce the slowing observed in response to MMS, we needed to be able to control 
origin firing independently of DNA damage. We utilized a temperature-sensitive allele of 
the replication kinase Hsk1 to prevent origin firing after entrance into S-phase. Hsk1 
activity is required for origin firing and phosphorylates members of the MCM complex 
(Snaith et al., 2000; Takeda et al., 2001; Fung et al., 2002). 
Early S-phase cells may be isolated from an asynchronously growing population using 
HU arrest and centrifugal elutriation. Cells were arrested in HU in early S-phase in which 
only a subset of origins have fired. Cells were then released at low temperature allowing 
continued origin firing later in S-phase or at high temperature preventing any further 
origin firing. 
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Materials and Methods 
A strain containing the hsk1-1312 temperature sensitive allele was manipulated using 
standard methods (Forsburg and Rhind, 2006).  
Early S-phase Arrest and Release Timecourse 
Cells were synchronized using a combination of transient HU arrest and centrifugal 
elutriation at 25˚C. Asynchronous cultures were grown to 1.5 OD600/ml, arrested in 10 
mM HU for 2 hours and elutriated, also in 10 mM HU, to select for the smallest cells just 
arrested in early S-phase. Early S-phase cells were split into 4 cultures. Two cultures 
were incubated in 0.03% MMS for 20 minutes while still in HU. All cells were released 
from the HU arrest into fresh YES media with or without MMS. Upon this HU release, 
cells were grown either at permissive temperature or shifted to nonpermissive 
temperature, 35˚C, for the remainder of the assay. 0.5OD600 cells were fixed in 70% 
ethanol every 20 minutes and processed as previously described (Willis and Rhind, 
2009). 
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Results and Discussion 
hsk1-ts strains display normal slowing in the presence of MMS both at permissive and 
nonpermissive temperatures. At permissive temperature hsk1-ts and wild-type cells 
replicate with similar timing in the presence and absence of MMS. At 35˚C the hsk1-ts 
strain takes 20 minutes longer to replicate in the absence of damage but displays wild-
type like slowing in the presence of MMS (Figure 4.9).  
We show that prevention of origin firing is not sufficient to produce slowing observed in 
response to MMS. If prevention of origin firing were sufficient to produce slowing, the 
untreated hsk1-1312 strain at nonpermissive temperature should have displayed slowing 
like that seen for the wild-type strain treated with MMS.  The hsk1-1312 allele does 
prevent origin firing since S-phase is extended by about 20 minutes at nonpermissive 
temperature even under unperturbed conditions. 
Summary 
We have shown that Hsk1 kinase activity is not required for slowing after S-phase has 
begun. We need to follow up these experiments using DNA combing or two-dimensional 
gel electrophoresis to show that origins do not fire when cells are released to complete S-
phase at the elevated non-permissive temperature. 
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Figure 4.9.  Hsk1 Inactivation  is Not Sufficient for Cells to Slow in Response to 
DNA Damage.  
 
 
 
 
 
 
 
 
hsk1-1312 (yFS411) cells at 25˚C display identical replication profiles to wild-type 
(yFS105) in both the absence and presence of MMS. At 35˚C, hsk1-1312 mutant strain 
displays slightly longer replication time but still slows in a similar manner to wild-type in 
response to MMS. Asynchronous cultures were grown to 1.5 OD600/ml, arrested in 10 
mM HU for 2 hours followed by elutriation, also in 10 mM HU. This protocol selects for 
the smallest cells in the population which have just arrested in early S-phase. Early S-
phase cells were split into four cultures. Two cultures were incubated in 0.03% MMS for 
20 minutes while still in HU. All cells were released from the HU arrest into fresh YES in 
the presence or absence of MMS. Upon release, cells were also either incubated at 
permissive temperature or nonpermissive temperature, 35˚C, for the remainder of the 
assay.  
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Appendix 4.6. The Flap Endonuclease Rad2 is Required for Replication Slowing 
Introduction and Rationale 
Rad2 is the fission yeast homologue of FEN-1, the flap endonuclease involved in 
Okazaki fragment processing (Lieber, 1997). We speculated that Rad2 might be involved 
in slowing since this protein is involved in lagging strand metabolism and synthetic lethal 
with a wide variety of mutants involved in checkpoint response, DNA repair, 
recombination and replication. 
Materials and Methods 
Strains were sychronized in G1 as described previously (Willis and Rhind, 2009). 
Results and Discussion 
We have found that rad2∆ strains display a partial defect in replication slowing. The 
rad2∆ slowing defect is suppressed by swi5∆ placing rad2∆ in epistasis group III with 
sfr1∆ and rqh1∆. We could not determine if the rad2∆ defect was suppressed by 
mutation of the replication fork protection complex since rad2∆ swi1∆ was synthetic 
lethal (Figure 4.10 and data not shown). 
Rad2 is the FEN-1, flap endonuclease homologue in fission yeast. Rad2 is required for 
the processing of Okazaki fragments prior to template fill in and ligation to complete 
synthesis in the lagging strand. 
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Figure 4.10.  Rad2 is Required for Slowing in Response to DNA Damage.  
 
 
 
 
 
 
rad2∆ (yNW502) cells display a partial defect in slowing in response to MMS. The 
rad2∆ swi5∆ (YNW816) double mutant slow like wild-type in response to damage 
indicating the rad2∆ defect is recombination-dependent. 
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Appendix 4.7. Smc5/6 Complex and Rhp51 Genetic Interaction 
Introduction and Rationale 
Smc6 forms a complex with its partner protein Smc5, Rad60 and six nonstructural 
elements (Nse) (Ampatzidou et al., 2006; Miyabe et al., 2006; Potts, 2009). The Smc5/6 
complex is implicated in response to replication stress, DNA damage and 
recombinational control.  The rad60-1 hypomorph is synthetic lethal with rqh1∆ 
suggesting Rad60 processes or prevents certain recombination events from occurring 
(Miyabe et al., 2006). Nse5 and 6 are nonessential components but also show synthetic 
lethality with mus81∆ and rqh1∆ mutants (Pebernard et al., 2006).  Nse1 serves a 
structural role holding Smc5 and Smc6 together and recruiting Nse4 to the complex 
(Andrews et al., 2005). Nse2/MMS21 is an E3 SUMO ligase which sumoylates itself, 
Smc5/6 and other Nse components in response to MMS (Pebernard et al., 2008). Nse4, 
identified as Rad62, is essential and required for tolerance of MMS, UV and HU arrest 
(Morikawa et al., 2004).  
The Smc5/6-Rad60-Nse1-6 complex may be a direct target for checkpoint regulation of 
recombination. Rad60 is phosphorylated by Cds1 in response to replication arrest (Boddy 
et al., 2003). smc6-74 and rad60-1 hypomorphs do not maintain S-M checkpoint 
signaling and fail to tolerate release from replication arrest. Hypomorph sensitivity is 
rescued by deletion of rhp51 suggesting checkpoint blind recombination events are 
responsible for cell death in these mutants after release (Miyabe et al., 2006; Lee et al., 
2007).  
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Materials and Methods 
Strains were sychronized in G1 as described previously (Willis and Rhind, 2009). 
Results and Discussion 
The results for mutants of this large complex are mixed. We found both mutants which 
slow and those that do not. The rad60-1 and rad60-2A mutants both slow well (see 
Appendix 2.1). Rad60-2A is missing two serine residues found to be phosphorylated in a 
Cds1 dependent manner in a proteomics screen conducted by the Carr lab.  However, the 
smc6-x mutant failed to slow. The smc6-x slowing defect was determined to be only 
partially dependent on recombination. The smc6-x swi5∆ double mutant partially slows 
(Figure 4.11). 
Smc6 represents a new epistasis group with respect to slowing.  We found the smc6-x 
hypomorph displays a complete defect in slowing and this phenotype was only partially 
suppressed by removing recombination.  The Smc5/6 complex is involved in diverse 
controls exerted by the cell to regulate stalled fork metabolism.  Analysis of sm6-74 and 
rad60-1 hypomorphs suggest the Smc5/6 negatively regulates recombination but 
maintains stalled forks in a recombination competent state (Irmisch et al., 2009).  We 
show Smc6 serves both recombination dependent and independent roles in replication 
fork slowing. 
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Summary 
The Smc5/6 complex plays a complicated role in replication slowing. Many components 
are essential making anlysis of null alleles impossible without the production of shut-off 
strains. However, analysis of hypomorphs show some components are required for 
slowing while others are not.   
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Figure 4.11.  Smc6 Represents a New Epistasis Group with Respect to Slowing.  
 
 
 
 
 
smc6-x (yNW878) cells display a complete defect in slowing in response to MMS. This 
defect is partially suppressed by removing recombination since the smc6-x swi5∆ double 
mutant (yNW889) partially slows. 
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Appendix 4.8. Rad3 Signaling 
Introduction and Rationale 
MRN mutants display partial defects in Cds1 activity in response to a variety of DNA 
damaging agents including MMS and bleomycin. Cds1 is the S-phase specific transducer 
kinase activated and phosphorylated by the ATR sensor checkpoint kinase Rad3. The 
MRN complex is proposed in metazoa to be required for upstream checkpoint signaling 
and shown in vitro to be required for full ATM activation in response to IR. Although, 
the ATM homologue in fission yeast, Tel1, is not required for slowing, we wished to 
determine if Rad3 activity was also reduced in MRN mutants. We wished to determine if 
a reduction in Rad3 signaling was responsible for the partial defect in Cds1 activity 
displayed upon exposure to MMS in the MRN mutant strains. In short, Rad3 signaling 
would allow us to more formally place MRN either upstream or downstream of Rad3 and 
Cds1 in the checkpoint signaling pathway. 
Materials and Methods 
Immunoprecipitation of the Rad3-Rad26 complex using anti-myc antibodies and Rad3 
signaling assays were performed as described (Wolkow and Enoch, 2002). 
Results and Discussion 
We were unable to duplicate experiments performed and published by the Wolkow lab. 
Anecdotally, this experiment is extremely difficult. We were unable to get strong or 
specific PHAS-1 phosphorylation from immunoprecipitates of cells exposed to MMS. 
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Both wild-type and rad3∆ control mutants displayed equally strong PHAS-1 
phosphorylation in response to MMS and also in several experiments displayed DNA 
damage independent phosphorylation. After discovering genetic interaction between 
nbs1∆ and rhp51∆ this project was not continued. If the slowing defect was rescued but 
the signaling defect was not in the nbs1∆ rhp51∆ double mutant, then we argued that the 
signaling and slowing defects displayed by MRN mutants are not related. Consequently, 
it was not important whether Rad3 showed reduced activity in MRN mutants since 
checkpoint signaling was not necessarily related to slowing. 
Several mutants including swi1∆, mus81∆, and nbs1∆ have been shown to display 
reduced Cds1 activity in response to MMS and HU exposure during replication. It may 
be interesting to see if these repair and fork stability mutants display increased Rad3 
activity in response to MMS exposure during S-phase. Perhaps Rad3 kinase activity 
could be used as a marker for replication fork stability or even collapse. It is unlikely that 
Cds1 activity could be interpreted in such a manner since swi1∆ mutants, a component of 
the replication fork protection complex, display dramatically reduced Cds1 activity but 
slow replication well in response to MMS. 
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Table 4.1.  Strains used in Chapter IV 
strain  genotypea 
yFS105 h- leu1-32 ura4-D18 
yFS128  h- leu1-32 ura4-D18 cdc25-22 
yFS162 h- leu1-32 ura4-D18 ade6-210 cdc10-M17 
yFS234 h+ leu1-32 ura4-D18 his3-D1 arg3-D1 ade6::pFOX2 (ade6-
L469/his3/ade6-M375) 
yFS411 h+ leu1-32 ura4-D18 ade6-216 hsk1-1312 
  
yNW107 h- leu1-32 ura4-D18 ade6-469/pUC8/ura4/ade6-M375 cdc10-
M17 
yNW114 h+ leu1-32 ura4-D18 ade6-469/pUC8/ura4/ade6-M375 cdc10-
M17 rad3::ura4 
yNW118 h- leu1-32 ura4-D18 ade6-469/pUC8/ura4/ade6-M375 cdc10-
M17 cds1::kanMX6 
yNW120 h+ leu1-32 ura4-D18 ade6-469/pUC8/ura4/ade6-M375 cdc10-
M17 nbs1::kanMX6 
yNW124 h- leu1-32 ura4-D18 ade6-469/pUC8/ura4+/ade6-M375 cdc10-
M17 rhp51::ura4 
yNW154 h- leu1-32 ura4-? cdc10-M17 rqh1::ura4 
yNW195 h+ leu1-32 his3-D1 ura4::pNW3(his3 ∆kan∆) 
yNW257 h+ leu1-32 his3-D1 cds1::ura4 ura4::pNW3(his3 ∆kan∆) 
yNW258 h+ leu1-32 his3-D1 sfr1::ura4 ura4::pNW3(his3 ∆kan∆) 
yNW269 h+ leu1-32 his3-D1 rhp51::ura4 leu1::pNW3(his3 ∆kan∆) 
yNW302 h- leu1-32 his3-D1 rad22::ura4 ura4::pNW3(his ∆kan∆) 
yNW320 h+ leu1-32 ura4-D18 his3-D1 mik1:13Myc (kanMx::pNW13) 
cdc10-M17 
yNW333 h+ leu1-32 ura4-D18 his3-D1 mik1:13Myc (kanMx::pNW13) 
cdc10-M17 rhp51::ura4 
yNW336 h- leu1-32 ura4-D18 his3-D1 mik1:13Myc (kanMx::pNW13) 
cdc10-M17 sfr1::ura4 
yNW342 h- leu1-32 ura4-D18 ade6-M210 his3-D1 mik1:13Myc 
(kanMx::pNW13) cdc10-M17 cds1::ura4 
yNW502 h+ leu1-32 ura4-D18 ade6-? his3-D1 cdc10-M17 rad2::ura4 
yNW816 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17 rad2::ura4 swi5::his3 
yNW878 h+ leu1-32 ura4-D18 ade6-M210 his3-D1 cdc10-M17smc6-x 
yNW889 h+ leu1-32 ura4-D18 his3-D1 cdc10-M17smc6-x swi5::his3 
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Chapter V. Summary, Overall Discussion and Future Directions 
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Thesis Summary 
The S-phase DNA damage checkpoint slows replication in response to DNA damage. 
However, the mechanisms employed to slow replication remain obscure. Biochemical 
and genetic evidence in vertebrate systems suggests checkpoint regulation of two 
pathways is required for robust slowing in response to insult. The first pathway regulates 
origin firing while the second pathway requiring recombination factors regulates 
replication fork rate. Presumably, both these mechanisms contribute to replication 
slowing in all eukaryotes (Figure 5.1). 
When this thesis work began, only the checkpoint kinases Rad3 and Cds1, and other 
upstream checkpoint components including the 9-1-1 complex and the MRN 
recombinational repair complex were known to be required for slowing in fission yeast. 
This project has contributed greatly to the study of the S-phase DNA damage checkpoint 
uncovering additional proteins required for slowing including Sfr1, Mus81, Rqh1, Rad2 
and Smc6. Many of these proteins are involved in stalled replication fork metabolism and 
regulation of recombination.  In previous studies, damage sensitivity, G2 mitotic arrest 
and prevention of mitosis in HU block have been used to suggest a role for these various 
proteins influencing recombination during S phase. Through epistasis analysis I have 
shown that recombination is responsible for slowing defects displayed by most of these 
mutants. I have directly measured replication rate in various mutants and established 
defects to be recombination dependent. The genetic interactions and phenotypic  
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Figure 5.1.  Mechanisms for Slowing in Eukaryotes 
DNA damage induced slowing of replication dependents upon activation of the central 
sensor kinases ATM and ATR in vertebrates. Sensors regulate downstream components 
to prevent origin firing and promote replication fork slowing. Components and 
mechanisms involved in inhibition of origin firing are well described. Briefly, Chk1/2 
kinases phosphorylate Cdc25A inhibiting its function and promoting its degradation. 
Without Cdc25A phosphatase, the Chk2-CycE complex remains inactive preventing 
phosphorylation and activation of the origin lisencing factor Cdc45 and thus preventing 
origin firing. Mechanisms used to slow forks are obscure. In response to ATM, the MRN 
complex is phosphorylated and serves to slow replication independently of origin firing. 
Similar mechanisms exist in fission yeast. The sensor kinase Rad3 and transducer kinase 
Cds1 (Chk2) are required for slowing. The MRN complex is also involved in slowing and 
null mutants display a partial defect. 
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Figure 5.1.  Mechanisms for Slowing in Eukaryotes 
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suppression we have uncovered highlights the importance of recombination control in the 
slowing response to DNA damage. 
In fission yeast, we propose replication forks serve as the primary substrates for slowing 
replication in response to damage. Furthermore, we propose slowing observed by flow 
cytometry is a local checkpoint mediated response. Results discussed in Chapters II, III 
and IV are summarized as follows. (1) With the exception of the checkpoint kinases, all 
proteins found to be required for slowing are involved in replication fork metabolism and 
regulation of recombination. (2) Checkpoint signaling is required but not sufficient for 
slowing in response to DNA damage. Constitutive checkpoint signaling in the absence of 
damage does not cause constitutive slowing. Conversely, reduced checkpoint signaling is 
unrelated to the slowing defects exhibited by several mutants. (3) Replication slowing is 
correlated with DNA lesion density. Only damaging agents producing a high density of 
bulky lesions cause slowing in fission yeast. (4) Prevention of origin firing in mid- and 
late S-phase is not sufficient to cause slowing in the absence of DNA damage. These 
observations strongly suggest alterations in replication fork behavior, not origin firing, 
are important to slow replication in response to DNA damage in fission yeast. 
Expanding on this hypothesis, we propose that fork slowing requires a delicate balance 
between the formation of replication-recombination intermediates allowing quick 
replication through damaged template and those used to stabilize and slow forks (Figure 
5.2).  Replication fork slowing must be a highly orchestrated event involving the  
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Figure 5.2.  Fork Slowing is a Process Sensitive to Regulation of Recombination 
(A) Replication forks normally traverse the genome quickly. Upon fork stalling at DNA 
damage, forks may continue quick replication through damage or be slowed in a 
checkpoint dependent manner. Two general pathways are responsible for slowing 
replication forks. Firstly, the transducer kinase Cds1 and the endonuclease Mus81-Eme1 
complex are required for this fork slowing. Secondly, even in the presence of active 
checkpoint, recombination must be limited by a number of factors to prevent quick 
bypass of the DNA lesion. (B) We have identified three epistasis groups with respect to 
slowing. Group I includes factors required for slowing including the Cds1 checkpoint 
kinase and Mus81 endonuclease. Group II includes factors not normally required for 
slowing including a wide variety of Rhp51 mediators, switch proteins, and other 
recombinational regulators. Group III includes proteins required for slowing which are 
dependent upon one or more members of Group II. Group III may be subdivided based 
on genetic interactions with specific members of group II or suppression by over 
expression of Cds1 (see Discussion for details). 
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Figure 5.2.  Fork Slowing is a Process Sensitive to Regulation of Recombination 
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replisome, nascent sister-chromatids, and various accessory factors which influence fork 
metabolism. We found a wide variety of mutations prevent cells from properly slowing 
replication in response to MMS. Mutation of cohesins, Rhp51 mediators, endo- and exo-
nucleases, and helicases all prevent replication slowing upon exposure to MMS. Defects 
in most of these mutants may be rescued by mutation of the core recombinational 
machinery, compromising heterochromatin formation, or mutation of additional 
recombinational regulators. Slight changes to recombinational control results in huge 
changes in stalled replication fork metabolism.  In general support of this idea, not all 
recombination regulator mutants fail to slow. Therefore different regulators must 
promote, and thereby also prevent, the production of different replication intermediates 
when forks stall. We propose that some recombination-dependent intermediates promote 
quick replication by simply bypassing DNA damage. 
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Future Directions 
My genetic data strongly suggests that replication slowing in fission yeast relies heavily 
on slowing of replication forks and that this mechanism represents a local and not a 
global checkpoint response. However, demonstration that replication forks are slowed in 
response to MMS and direct determination that fork slowing is a local phenomenon is 
lacking. In addition we do not understand how mutants are able to achieve quick 
replication in the presence of MMS. 
Future experiments may be divided into two general categories, genetics and physical 
techniques. Physical techniques will provide direct evidence that replication forks are 
slowed in response to damage and that checkpoint-dependent slowing of forks is a local 
and not global response to DNA damage. The actual fork structures or conformations 
assumed during slowing or required for slowing are not known. This chapter does not 
include attempts to observe different replication intermediates in the presence of MMS. 
Chapter IV outlines some experiments done using 2-dimensional gel electrophoresis 
which gave us little insight.  Use of more complicated genetics will help parse out exactly 
how much inhibition of origin firing and slowing of replication forks contribute to bulk 
slowing measured by flow cytometry. Genetics will also allow us to address how forks 
are slowed by the checkpoint. 
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We expect that DNA damage to prevent origin firing but origin regulation to not have a 
great impact on bulk slowing. We predict that replication forks are slowed in response to 
DNA damage in a checkpoint and lesion-density dependent manner. The greater the 
density of bulky adducts, the greater the slowing expected upon measuring fork rate. 
The Power of Yeast Genetics 
Expansion of Epistasis Grouping 
We have identified three epistasis groups for the S-phase DNA damage checkpoint and 
replication slowing. Group I includes Cds1 and Mus81, proteins fulfilling functions 
absolutely required for slowing. Group II includes a wide variety of proteins not required 
for slowing which directly or indirectly regulate recombination. Group III includes Sfr1, 
Rqh1, Nbs1 and Rad2, proteins required for slowing whose mutant defects are dependent 
upon members of Group II. Various genetic interactions have divided epistasis group III 
into three subgroups. sfr1∆ is suppressed by rhp51∆, hrq1∆ and Cds1 over-expression. 
rqh1∆ is suppressed by rhp51∆, Cds1over-expression but not by hrq1∆. nbs1∆ is 
suppressed by rhp51∆ but not by Cds1 over-expression. A final grouping of mutants 
surveyed and genetic interactions is shown in Figure 5.2B.  
Candidates for all three epistasis groups are available for immediate testing. Candidates 
for groups I and III also include the slx1∆ and slx4∆ mutants found to be synthetic lethal 
with mus81∆ (Flott and Rouse, 2005; Coulon et al., 2006). We have found a great many 
proteins are not required for slowing (See Table 4.1 in Chapter IV). However, only a few 
of these mutants have not been tested to determine if they are members of epistasis group 
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II (See Table 5.1). Candidates for testing include swi9∆, swi10∆, rad60-1, fbh1∆, clr3∆, 
sir2∆, fbh1∆, rad24∆. These mutants are functionally related to other mutants found to be 
suppressors of sfr1∆ and rqh1∆ slowing defects. 
Directed Searches for More S-phase DNA Damage Checkpoint Components 
So far we have investigated the genetics of slowing in fission yeast by scoring mutants 
involved in checkpoint signaling, recombinational control and replication fork 
metabolism. Candidates have been identified through literature searches or from 
unpublished data kindly provided by members of the fission yeast community.  
A more systematic approach could be used to identify candidates for testing. Synthetic 
lethal screens using existing mutants known to participate in this checkpoint could be 
performed (Roguev et al., 2007; Dixon et al., 2008). Many mutants already known to be 
required for slowing are synthetic lethal or synthetically very sick with one another. For 
example, both Rqh1 and Mus81 are required for slowing, and the double mutant is 
synthetic lethal (Doe et al., 2002). The FEN-1 flap endonuclease homologue in fission 
yeast, Rad2 is required for slowing. A synthetic screen should be performed to find all 
mutants which genetically interact with rad2∆. Mutants belonging to all three epistasis 
groups should be found by this screen. smc6-x, rqh1∆, srs2∆, and rhp51∆ and mus81∆ 
are all already characterized to be synthetic lethal with rad2∆ and fall into all three 
groups. Additional screens could be performed using the rqh1∆ or mus81∆ mutants and 
compared with the results from the rad2∆ screen to reduce the number of interesting 
candidates if needed. 
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A potential problem with synthetic lethal screens performed using mating is the 
production of stable and healthy diploids. Diploid production could mask synthetic lethal 
double mutants by allowing essentially heterozygotes to survive. Forward genetic screens 
could be performed to look for synthetic lethals with any of our mutants characterized to 
fail to slow in response to MMS. We could transform a particular mutant which fails to 
slow such as sfr1∆ with a plasmid expressing the wild-type sfr1+ allele followed by 
random mutation using UV exposure at sub-lethal doses. Mutants would then be screen 
for inviability upon loss of the sfr1+ plasmid. Nonviable mutants would contain mutants 
synthetic lethal with sfr1∆.  These genes could be identified using a plasmid shuffle 
allowing the double mutant to survive. 
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Table 5.1.  Epistasis Grouping for Single Mutants 
genotype phenotype epistasis group 
wild-type slows - 
rad22∆ slows 2 
rhp51∆ slows 2 
dmc1∆ slows 2 
rhp54∆ slows 2 
rhp55∆ slows 2 
rhp57∆ slows 2 
swi1∆ slows 2 
swi2∆ slows 2 
swi5∆ slows 2 
swi6∆ slows 2 
srs2∆ slows 2 
hrq1∆ slows 2 
clr4∆ slows 2 
   
rqh1∆ partial failure 3 
sfr1∆ partial failure 3 
rad2∆ partial failure 3 
rad32∆ partial failure 3 
rad50∆ partial failure 3 
nbs1∆ partial failure 3 
nbs1-FHA∆ partial failure 3? 
nbs1-FHABRCT∆ partial failure 3? 
   
smc6-x fails to slow 4# 
   
mus81∆ fails to slow 1 
rad3∆ fails to slow 1? 
mrc1∆ fails to slow 1? 
cds1∆ fails to slow 1 
   
swi10∆ slows ? 
swi9∆ slows ? 
rad24∆ slows ? 
rad60-1 slows ? 
rad60-2A slows ? 
# smc6-x slowing defect is only partially suppressed by 
      mutants in Group II 
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The Smc5/6 Complex, Cofactors and Slowing Replication 
In late April, we found the structural maintenance of chromosomes (SMC) Smc5/6 
complex is involved in slowing. Smc6 forms a complex with its partner protein Smc5, 
Rad60 and six nonstructural elements (Nse) (Ampatzidou et al., 2006; Miyabe et al., 
2006; Potts, 2009). We found Smc6 is required for slowing since the smc6-x hypomorph 
fails to slow. However Rad60 is not since the rad60-1 hypomorph slows well. 
Smc6 represents a new epistasis group with respect to slowing. We found the smc6-x 
hypomorph displays a complete defect in slowing and this phenotype was only partially 
suppressed by removing recombination.  We show Smc6 serves both recombination 
dependent and independent roles in replication fork slowing. This is consistent with other 
defects in mutants in this complex requiring recombination. The smc6-74 and rad60-1 
hypomorphs do not maintain S-M checkpoint signaling failing to tolerate HU arrest and 
release. Hypomorph sensitivity is rescued by deletion of rhp51 suggesting checkpoint 
blind recombination events are responsible for cell death in these mutants after release 
(Miyabe et al., 2006; Lee et al., 2007).  
The Smc5/6 complex is involved in diverse controls exerted by the cell to regulate stalled 
fork metabolism.  The Smc5/6 complex is ascribed many roles in DNA metabolism and 
all components are implicated in response to replication stress and recombinational 
control.  The Smc5/6-Rad60-Nse1-6 complex may be a direct target for checkpoint 
regulation of recombination.  Rad60 is phosphorylated by Cds1 in response to replication 
arrest (Boddy et al., 2003).  Analysis of sm6-74 and rad60-1 hypomorphs suggest the 
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Smc5/6 negatively regulates recombination but maintains stalled forks in a recombination 
competent state (Irmisch et al., 2009). We should determine how the smc6-74, rad60-1, 
rad60-4, rad60-2A and the rad62-1 (nse4) hypomorphic mutants fit into our epistatic 
analysis. 
ssDNA, Exonuclease1 and Replication Fork Metabolism 
Checkpoint kinases serve to stabilize stalled replication forks. In the absence of the 
checkpoint, replisome components disassociate from stalled forks and long patches of 
ssDNA are produced at stalled forks (Cobb et al., 2003; Lucca et al., 2004). Single 
stranded DNA appears responsible for both ATR activation but also if left ‘unchecked’ 
causes fork breakdown. Budding yeast Mec1 activity is dependent upon the MRN and 
Exo1 nuclease activities in response to fork stalling at MMS and UV adducts and in 
response to HU arrest (Nakada et al., 2004).  Conversely, Exo1 is required for ssDNA 
stretches produced upon HU fork arrest seen in checkpoint mutants (Cotta-Ramusino et 
al., 2005).  Exo1 is related to the Rad2 flap endonuclease which is required for slowing, 
making it an interesting candidate for progression analysis (Tran et al., 2004).  If required 
for slowing, Exo1 may promote slowing through producing stretches of ssDNA to 
activate the checkpoint.  Exo1 may also prevent aberrant, Rhp51-independent and 
dependent events at stalled forks by limiting ssDNA flaps and overhangs produced by 
fork regression.  The checkpoint may require Exo1 for initial stimulation but then limit 
Exo1 activity to indirectly negatively regulate recombination.  
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Nbs1 and MRN Participation in Slowing 
We were unable to determine if the Nbs1 FHA and FHABRCT domain truncation 
mutants were able to form a complex with Rad32 and Rad50. N-terminal HA tagging of 
Nbs1 leads to a completely null phenotype. These truncations were expressed as observed 
by western but the pulldown experiments with Rad32 (Mre11) were not conclusive (data 
not shown). Untagged nbs1 truncations were also constructed and could be C-terminally 
tagged with HA.  However, the Nbs1-Rad32 interaction domain is located very near the 
C-terminus of the Nbs1 protein posing a potential problem for protein-protein interaction. 
Additional Nbs1 mutants could be scored for ability to slow replication in response to 
MMS. These include several point mutants eliminating characterized serine 
phosphorylation targets of ATM and ATR or the interruption of a conserved domain 
required for interaction with ATM and ATR (Falck et al., 2005). 
MRN may tether two stretches of DNA facilitating recombination if such a process is 
needed. The MRN complex may bridge fragments created by a double-stranded break or 
bridge nascent sister-chromatids during replication. Rad50 homodimerization through its 
hook domain is required for MRN complex function (Wiltzius et al., 2005). This 
dimerization gives rise to a protein complex capable of binding two molecules of DNA 
independently (Hopfner et al., 2002). The span of the Rad50 dimer is approximately 
1200Å, roughly the sister-chromatid separation distance in S and G2 phases (de Jager et 
al., 2001). The MRN complex may serve a checkpoint independent role in sister-
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chromatid cohesion in S phase (Tittel-Elmer et al., 2009). It would be interesting to 
determine if Rad50 mediated tethering were required for slowing in S-phase in response 
to MMS in fission yeast. While dimerization is known to be required for MRN function, 
it may be interesting to investigate whether Rad50 dimer span is also important for 
slowing. Rad50 mutants could be constructed which have shorter arms and then scored 
for replication slowing and sensitivity to various DNA damaging agents. 
Rad2-Rqh1 Processing of Regressed Forks and Connection to Replication Slowing 
The combined activity of the FEN-1 lagging strand exo- and endonuclease and RecQ 
helicase are implicated in lagging strand processing and stalled fork stabilization at bulky 
lesions. Briefly, uncoupling of leading and lagging strand replication may separate 
parental strands carrying the bulky adduct. This separation of the parental strands would 
prevent excision repair pathways from processing the lesion (Courcelle et al., 2003; 
Courcelle et al., 2006). Perhaps RecQ unwinding and reversal of the regressed fork 
followed by FEN-1 cleavage of lagging strand nascent DNA would promote re-annealing 
of parental strands, dsDNA reestablishment at the bulky adduct site, and access by 
excision repair components to remove the adduct. This repair would then allow 
resumption of replication (Bachrati and Hickson, 2008). Both the fission yeast FEN-1 
homologue Rad2 and the helicase Rqh1 are required for slowing. However, null mutants 
do show some residual slowing. The rad2∆ rqh1∆ double mutant is synthetic lethal. We 
could determine if nuclease dead rad2 mutants are still lethal with rqh1∆ and test the 
double mutant for slowing. 
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Investigation of Repair Processes in Replication Slowing 
MMS produces bulky adducts which may be repaired in a number of ways including 
recombination, base excision repair, and nucleotide excision repair (Memisoglu and 
Samson, 2000; Alseth et al., 2005; Kanamitsu et al., 2007). Fork slowing may be due to 
checkpoint dependent fork pausing allowing repair before fork progression instead of 
quick DNA damage bypass. If MMS adducts need to be repaired prior to normal paused 
fork progression, perhaps failure to repair will increase slowing or completely arrest 
replication. To test this hypothesis, we could score rad16∆ or rad13∆ nucleotide excision 
repair mutants or mag1∆ and mag2∆ glycosylase base excision repair mutants for 
slowing. We could also score cds1∆ or rad3∆ mutants for failure to slow in the absence 
of nucleotide or base excision repair.  
Hsk1 Activity and The Role of Origin Regulation in Replication Slowing 
As discussed in Chapter II, the sfr1∆, mus81∆ and rqh1∆ mutants which fail to slow may 
do so due to a failure to prevent origin firing rather than a failure to slow replication 
forks. Replication forks may slow just fine but an over-abundance of origin firing could 
produce the slowing defects observed by flow cytometry.  To address this issue, we could 
build and test cds1∆, sfr1∆ and mus81∆ strains harboring the hsk1-1312 temperature 
sensitive allele. The replication kinase Hsk1 is required to phosphorylate pre-replicative 
complex components including members of the MCM replicative helicase. This 
phosphorylation is required to recruit additional factors to the pre-replicative complex 
required for origin firing (Patel et al., 2008) (Yabuuchi et al., 2006). As described 
previously in Chapter IV, strains harboring this hsk1 allele would be arrested with HU in 
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early S-phase allowing only a subset of origins to fire. Then, upon release, strains would 
be shifted to nonpermissive temperature to inactivate Hsk1 and prevent further origins 
from firing. hsk1-1312 rqh1∆ and hsk1-1312 rad3∆ double mutants are synthetic lethal 
preventing us from testing those mutants (Snaith et al., 2000; Takeda et al., 2001). 
However, we could test additional strains which fail to slow including cds1∆, sfr1∆, 
smc6-x. As shown in Chapter IV, hsk1-1312 mutants at nonpermissive temperature slow 
in an identical manner to wild-type in the presence of damage but still replicate quickly in 
the absence of damage. This suggests that prevention of origin firing is not sufficient to 
produce the slowing seen in wild-type strains in response to MMS. Therefore, we expect 
hsk1-1312 will not suppress the defect of any strain which fails to slow replication in 
response to MMS. 
Cds1 regulates origin firing by directly negatively regulating Hsk1 activity. The Hsk1 
replicative kinase is phosphorylated by Cds1 in response to replication stress (Snaith et 
al., 2000). Perhaps Hsk1 phospho-point mutants insensitive to Cds1 regulation could be 
constructed and used to test the effect of unregulated origin firing on replication slowing 
in response to MMS. Instead of preventing origin firing using the hsk1-1312 allele as 
described above, we could eliminate checkpoint regulation of origin firing and score 
mutants for slowing defects. These reciprocal experiments could be done comparing 
slowing in various mutants to that of wild-type. In particular, the sfr1∆, and rqh1∆ 
mutants display some residual checkpoint-dependent slowing. Perhaps this slowing 
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represents intact prevention of origin firing by Cds1 or perhaps slowing in these mutants 
represents intact fork-dependent phenomena. 
Cds1 Over expression 
Cds1 over expression induces Cds1 kinase activity independently of Rad3, Mrc1 and 
DNA damage. However it is not known how much the ATM homologue Tel1 contributes 
to Cds1 activation. Evidence in budding yeast shows the ATM homologue Tel1 may 
rescue mec1∆ G2 checkpoint defects in response to DSBs when Sae2 recombination is 
compromised (Usui et al., 2001). Sae2 is an accessory factor required for MRN resection 
activities in budding yeast. Such a relationship also exists between the checkpoint sensor 
kinases Tel1 and Rad3 and the Sae2 homologue Ctp1 in fission yeast (Porter-Goff and 
Rhind, 2009). Ctp1 mutation rescues the sensitivity of the rad3∆ mutant in response to IR 
due to activation of Tel1 by stable DSB (now not processed to ssDNA in an MRN-Ctp1 
dependent manner). However, ctp1∆ doesn’t rescue the slowing defect of the rad3∆ 
mutant in response to MMS and Tel1 is not activated by MMS (Porter-Goff and Rhind, 
2009). Presumably, Tel1 will not contribute to Cds1 activation upon over expression of 
Cds1. Also, Cds1 over expression causes slowing in the absence of Mrc1, an adapter 
normally required for the phosphorylation and activation of Cds1. Lastly, the presence of 
Rad3 didn’t increase over expressed Cds1 activity in response to MMS, suggesting that 
upstream sensor kinase activity is not required for Cds1 kinase activity under such 
conditions. However, to conclusively show Tel1 plays no role in slowing of S-phase in 
response to MMS, we should measure slowing in a tel1∆ rad3∆ nmt1:cds1 strain and 
compare Cds1 activity and slowing of replication to the rad3∆ nmt1:cds1 control. In 
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addition a ctp1∆ rad3∆ nmt1:cds1 double could be constructed to show the relationship 
between the sensor kinases and Sae2/Ctp1 does not exist in fission yeast. A comparison 
of slowing in wild-type, nmt1:cds1 and rad3∆ nmt1:cds1 strains shows no difference in 
slowing  also suggesting signaling and slowing are independent of upstream kinases 
(Figure 2.2F). To more conclusively show over expressed Cds1 kinase acts like 
endogenous Cds1, we could perform MMS titration experiments as done previously for 
wild-type controls (Figure 2.3C). 
Cds1 over expression may be a powerful tool to determine if proteins are direct Cds1 
targets for slowing. Cds1 over-expression experiments have been limited to determining 
if over abundance of Cds1 can suppress the defects of mutants which fail to slow.  The 
sfr1∆ and rqh1∆ slowing defects are suppressed by Cds1 over expression. This 
observation suggests the target for Cds1 is still present in these mutants. More 
complicated strains could be constructed to test if various proteins are required for this 
suppression. Candidates include Hrq1, Rad22, Rad60, Swi9 and Swi10. Proteins 
normally not required for slowing may be required for suppression of the sfr1∆ and 
rqh1∆ slowing phenotypes. 
Search for Cds1 Phosphorylation Targets: A Candidate Based Approach 
We have found many proteins are not required for slowing, several of which are known 
targets of Cds1 in the S-M checkpoint. Presumably Cds1 regulates downstream proteins 
to prevent stalled replication forks degrading into structures allowing fast replication. 
Cds1 may positively regulate protein target function to promote slow and stable forks or 
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negatively regulate functions which would promote fast fork movement through damaged 
template.  We have shown that cds1∆ rhp51∆ strains fail to slow, suggesting that Rhp51 
is not a direct target for Cds1 phosphorylation and negative checkpoint regulation. 
Candidates for direct regulation include Mus81, Srs2, Hrq1, Rad22, Rad60, Smc5/6 and 
Sfr1. We could tag these proteins and score for MMS-dependent, Cds1-dependent 
phosphoshift of these proteins by western blot. We could also determine if these proteins 
are direct targets of Cds1 by performing in vitro kinase assays against purified protein. 
Search for Cds1 Phosphorylation Targets: A Phosphoproteomic Approach 
The Elledge lab has identified several proteins using mass spectroscopy which are 
phosphorylated in a checkpoint dependent manner in response to HU arrest in S-phase 
and IR in G2 (Elledge, personal communication). We could perform similar experiments 
using synchronized cultures in mid S-phase. Briefly, we could synchronize cells as done 
previously for S-phase progression experiments, and harvest cells and isolate protein 
from cells treated with MMS or left untreated. Protein could be analyzed by mass 
spectroscopy and compared between wild-type, cds1∆, and cds1∆ rad3∆ treated and 
untreated. This comparison would allow us to determine if any proteins are 
phosphorylated in a Cds1-dependent manner in response to MMS during S-phase. 
Physical Techniques 
Of the greatest importance for pushing this project forward is the measurement of 
replication fork and origin responses to DNA damage. Several techniques could be used 
to make qualitative arguments that replication forks are slowed in response to damage, 
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including two-dimensional gel electrophoresis to detect replication intermediates, ChIP to 
follow components of the replisome, and deep sequencing to follow replication by copy 
number. However, these techniques rely on observing bulk population responses and 
results may be too noisy for interpretation. Also, these techniques do not directly measure 
new replication as forks traverse DNA template. Unlike these techniques, DNA combing 
allows the direct visualization of individual DNA fibers and therefore measurement and 
quantitative analysis of individual forks’ and specific origins’ response to DNA damage. 
2-Dimensional Gel Electrophoresis 
While two-dimensional gel electrophoresis has not been useful for detecting aberrant 
recombination in the presence of damage (See Chapter IV), this technique may be useful 
as an alternative to DNA combing to observe origin regulation in response to MMS. I 
have previously shown that inhibition of origin firing is not sufficient to cause slowing 
displayed in response to MMS (see Chapter IV). This technique has been used to show 
DNA damage prevents origin firing in S-phase (Kommajusyla and Rhind unpublished 
results). I could measure the production and subsequent disappearance of bubble arcs 
(representative of origin firing) and Y-arcs (representative of forks) in the presence and 
absence of MMS. Replication initiation in a particular locus and replication fork 
movement out of that particular region could give us a qualitative idea of fork 
progression and origin inhibition in the presence of MMS. We could arrest cells in early 
S-phase in HU allowing a subset of origins to fire. These cells would be released to 
progress into S-phase in the presence or absence of MMS. We expect MMS exposure in 
early S-phase would prevent further origins from firing at all later timepoints. If bulk fork 
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movement was slowed in wild-type in the presence of MMS, fork progression could be 
qualitatively determined in strains which fail to slow including rqh1∆ and cds1∆ mutants 
and in the suppressed double mutant rqh1∆ rhp51∆ and the rhp51∆ single mutants. We 
expect to see continued origin firing in only the cds1∆ mutant strain. Origin firing should 
be prevented in wild-type, rqh1∆ and rhp51∆ strains. We expect forks to rapidly 
disappear in the cds1∆ and rqh1∆ strains but not in wild-type or the rqh1∆ rhp51∆ 
double mutant suggested that forks are slowed and still present in the region of interest. 
We also expect fork signals to persist longer in regions adjacent to the initial region 
analyzed, further indicating fork slowing in response to damage.  
Signals observed may be just too noisy to interpret. Checkpoint mutants should fail to 
prevent origin firing, allowing origins to fire throughout S-phase in the presence of 
damage. This defect would allow forks to be produced throughout S-phase making 
interpretation of sequential timepoints and fork movement out of the region of interest 
impossible. The profile for the cds1∆ strain includes continued origin firing, however this 
defect may be far greater than drawn in Figure 5.3. 
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Figure 5.3.  Fork and Origin Analysis by Two-Dimensional Gel Electrophoresis 
Two-dimesional gel electrophoresis allows for the visualization of replication-
recombination intermediates at a region of interest by southern blotting.  The profile for 
wild-type cells arrested in early S-phase for the rDNA repeat region at origin at3001 is 
shown. Bubble arcs representing origins fired within the probed region are shown as well 
as y-arcs which represent replication bubbles which have been cleaved to fork 3-branched 
fork like structures. Linear DNA is also shown as well as a prominent 1N spot.  Strains 
will be arrested in early S phase using HU and then released to progress through and 
complete S-phase in the presence of absence of MMS. Results for several classes of 
mutants are shown (See Discussion for details). 
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Figure 5.3.  Fork and Origin Analysis by Two-Dimensional Gel Electrophoresis 
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DNA Combing 
DNA combing is a variation of fluorescent DNA fiber analysis in which DNA molecules 
suspended in solution are attached to and stretched out on glass cover slips. DNA is then 
hybridized with antibodies specific to halogenated thymidine analogs.  Cells would be 
synchronized in G2, allowed to progress into S-phase and then pulsed for several minutes 
with thymidine analogs during mid S-phase, and immediately frozen (Figure 5.4). DNA 
is then isolated by agarose plug digestion and prepared for combing.  
DNA combing will allow the characterization of how replication fork and origin 
regulation contribute to slowing both in wild-type and the variety of mutants which fail to 
slow or continue to slow by flow cytometry. Slowing failure among the sfr1∆, mus81∆, 
nbs1∆, rqh1∆ and smc6-x mutants could be a consequence of any of the following 
scenarios: (1) forks slow but massive number of origins fire, (2) forks fail to slow and 
origins continue to fire, (3) forks fail to slow but origins are still inhibited. DNA combing 
will allow us to discriminate between these possibilities. 
We predict MMS activation of the S-phase DNA damage checkpoint in wild-type cells to 
inhibit late inefficient origin firing and also slow replication forks. If these predictions are 
bourn out, checkpoint mutants rad3∆, mrc1∆ and cds1∆ will display unregulated origin 
firing and fast replication fork progression even in the presence of DNA damage. All 
other mutants displaying slowing failure by flow cytometry will display intact origin 
regulation but unregulated and fast fork rates in the presence of MMS.  
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Figure 5.4.  DNA Combing and Measurement of Fork Rate 
(A) The general scheme for DNA labeling, preparation and combing is outlined. DNA is 
labeled during replication. Origin firing may be visualized by incorporation of thymidine 
analogs (BrdU, CldU or IdU). The red track represents a newly replicated region of DNA 
in which thymidine analogs have been incorporated. DNA is isolated harvested as 
described in the text. DNA fibers attach to silanized cover slips in solution and as the 
cover slip is slowly removed, are stretched out onto the glass surface. After post-
processing and visualization, an example of a fiber containing several labeled origins is 
shown. (B) Origin firing may be visualized by incorporation of thymidine analogs. As 
cells progress through S-phase, track lengths are extended as replication forks traverse 
the genome. New origins fire throughout S-phase as shown by the “later origin” firing 
and producing a small track at the bottom of the panel. (C) An example of tracks labeled 
using the strain yFS240 with CldU under either an HU block (limiting track lengths to 5-
10kB before nucleotides are exhausted) or short tracks labeled by briefly pulsing cells in 
mid S-phase. 
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Figure 5.4.  DNA Combing and Measurement of Fork Rate 
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Table 5.2.  Proposed Combing Results 
strain bulk slowing 
phenotype 
origins fork progress 
wild-type, rhp51∆, nbs1∆ rhp51∆, 
rqh1∆ rhp51∆ 
slows inhibited slow 
cds1∆, mrc1∆, rad3∆ fails fire uncontrollably fast 
rqh1∆ fails inhibited fast or faster? 
mus81∆, mus81∆ rhp51∆ fails inhibited fast 
    
rad2∆, nbs1∆ partial failure inhibited intermediate 
 
Titration experiments are expected to show origin regulation to be a global checkpoint-
dependent response, while fork rate reduction to be a local checkpoint-dependent 
response. MMS titration experiments should show reduced fork rates as we titrate down 
the concentration of MMS used, fork rate will be reduced accordingly, less MMS, less 
fork slowing. At 0.03% MMS concentration, we estimate an alkyl adduct present every 
500bp, at such a density all forks should be effected. With reduced concentrations, if 
adduct density is reduced in a linear fashion, all forks should still be effected but slow 
less. At very low concentrations of MMS perhaps not all forks are affected, and only a 
few will be slowed if at all. Alternatively, at very low doses of MMS, titration 
experiments may show instead of forks uniformly slowing, some forks are slowed and 
others are not. Neither outcome would support fork slowing as a local or global 
checkpoint-dependent phenomenon. Fork slowing is presumably a summation of 
transient fork stalling and resumption and not due to reduced rate of nucleotide 
incorporation. Reduced nucleotide usage suggests fork slowing be a global response to 
damage. In contrast with the fork responses, origin firing should be reduced regardless of 
concentration of MMS used, even down to 0.075% for which we see very little slowing 
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by flow cytometry. Several strains which display signaling defects slow well, including 
mus81∆, swi1∆ suggesting that Cds1 activity is not correlated with slowing and origin 
firing will be inhibited even when the checkpoint is barely signaling. 
Use of 5-azaC to Discriminate Fork Stalling as a Local or Global Mechanism 
DNA combing will help greatly in determining contribution of fork slowing and origin 
regulation to slowing. However, DNA combing will not allow us to distinguish fork 
slowing as a global or local checkpoint dependent response. To make this distinction, we 
must setup a system in which we can introduce a site-specific bulky DNA lesion forcing 
a single replication fork to stall and then measure fork progression of both forks 
originating from that origin as well as other surround forks’ rates. 
One strategy for introducing site-specific modifications of genomic DNA would make 
use of prokaryotic methyltransferase DNA modification. Restriction enzymes digest all 
nonmethylated DNA as a defense against phage infection. Upon replication, the 
prokaryotic genome is methylated by a number of methyltransferases to prevent 
restriction enzyme mediated cleavage. 5aza-C incorporation into DNA results in the 
covalent attachment of methyltransferases required for this genomic methylation. These 
protein-DNA adducts are already shown to prevent replication fork progression in 
prokaryotes (Kuo et al., 2007).  
Such a system could be used in fission yeast. Strains could be constructed expressing a 
cytosine methyltransferase specific for a rare restriction enzyme site. We could introduce 
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a cassette containing a single or several tandem spaced methyltransferase sites near a 
well-defined and efficient origin. Incubation with 5-azaC in synchronous cells would 
cause DNA-protein adducts to arise in G2 and effect on replication measured during the 
following round of replication. DNA combing and 2-dimensional gel electrophoreis 
could be performed on this region to observe replication fork progression, stalling, and 
slowing (Figure 5.5).  We expect the replication fork which encounters the DNA-protein 
adducts to stall and slow progression while the fork extending the opposite direction from 
the origin to move quickly. 
Although MMS adducts and DNA-protein adducts are not the same, the effect of 
encountering such damage may be. We expect this experiment to show that checkpoint 
regulation of fork progression is a local response since only the fork encountering the 
protein-DNA adduct(s) will be slowed. Its ‘sister’ fork originating from the same origin 
would replicate at normal, unperturbed and quick rate. 
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Figure 5.5.  Strategy for 5-AzaC Fork Progression Experiments 
Yeast strains will be constructed with a cassette containing tandem repeats of a specific 
rare cytosine-methyltransferase sites. Cells will be harvested in early G2 and incubated in 
5-azaC for a single round of replication. Following DNA synthesis, 5-azaC will be 
methylated by the methyltransferase, however 5-azaC methylation will result in covalent 
attachment of the transferase to the cytosine. During the following round of replication, 
replication forks encountering the these protein-DNA adducts will be stalled and 
expected to slow. 
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Figure 5.5.  Strategy for 5-AzaC Fork Progression Experiments 
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Mating Type Switching as a Model for Stalled Fork Metabolism 
A widely studied process which coordinates replication and recombination is mating-type 
switching. Mating-type switching in fission yeast occurs by coupling replication fork 
stalling with recombination and long tract gene conversion between the MAT locus and 
one of two cryptic loci located near the telomeres of chromosome II (Dalgaard and Klar, 
2000). Efficient mating-type switching requires many Rad and Swi proteins characterized 
to be involved in vegetative cell recombination and replication fork stability (Herbert 
Gutz, 1985; Schmidt et al., 1989; Vagin et al., 2006). Mating type switching could serve 
as a model process for more general replication fork stalling and metabolism. Genetic 
interaction found between the swi2∆, swi5∆ and swi6∆ mutants and sfr1∆ and rqh1∆ 
mutants suggests that some aspect of replication coupled MAT switching involving fork 
stalling and Rhp51 mediated recombination plays a more general role in MMS induced 
replication fork slowing. Different target sites used to facilitate stalled/paused fork 
restart/repair and recombination at MAT in wild-type and various mutants would be 
measured by southern blotting. Chromatin IP would be used to detect the presence and 
even accumulation of various proteins at the MAT locus in various mutants. Presence and 
absence of various proteins and use of specific target sites for recombination could help 
us generate a mechanistic model for slowing of replication forks upon stalling. Some of 
this work has already been done for mus81∆ and swi9∆ mutants in the Arcangioli lab 
(Roseaulin et al., 2008). This work could be expanded upon to look at effects of rqh1∆, 
sfr1∆ and various suppressed double mutants on recombination pathway use. 
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Discontinuous DNA Synthesis 
A discussed in Chapter II, mechanisms allowing fast replication and bypass of DNA 
damage include repriming of polymerases downstream of insurmountable DNA lesions. 
Unscheduled, Rhp51-dependent repriming would result in extensive discontinuous 
synthesis and production of nicks and gaps on both leading and lagging strands. Attempts 
to determine if discontinuous synthesis was occurring in mutants which failed to slow 
using endonuclease cleavage assays were not successful (see Chapter IV Appendix 6). 
No significant differences were observed between wild-type and rqh1∆ mutants using 
DNA isolated from HU arrested, MMS treated, or G2 synchronized cells. DNA used for 
these digests was isolated as done for 2-dimensional gel electrophoresis. Perhaps this 
method of DNA isolation is not gentle enough for endonuclease assay. Genomic DNA 
could be isolated in plugs as is done for pulsed-field gel electrophoresis detection of 
entire intact chromosomes. As a control for ssDNA production and improper replication 
fork metabolism, these experiments could be repeated and wild-type and cds1∆ strains 
treated with MMS and HU compared with untreated controls. To increase detection of 
DNA digestion at specific sites, southern blotting could be performed using probes 
specific for the ura4 or rDNA repeat loci. As an alternative, denaturing gels could be 
used to separate ssDNA species produced by gaps and nicks and gels run and stained 
with ethidium bromide as normal.  
As an alternative to endonuclease cleavage, electronmicroscopy could be used to detect 
gaps left by discontinuous replication. Long stretches of ssDNA has been observed by 
EM in checkpoint mutants arrested in early S-phase by HU and excessive gaps seen 
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trailing replication forks in various checkpoint, recombination, and nucleotide excision 
repair mutants in budding yeast after UV irradiation (Sogo et al., 2002; Cotta-Ramusino 
et al., 2005; Lopes et al., 2006). We could perform similar experiments comparing wild-
type, cds1∆, rqh1∆, rhp51∆ and rqh1∆ rhp51∆ mutants untreated or MMS treated cells in 
S-phase.   
Slowing Replication and Tolerating DNA Damage during S-phase 
Replication forks stall often and pose a great problem for all organisms. In bacteria, of 
the two forks traversing the genome, a single fork will stall about once every replication 
cycle (Cox, 2002). Stalled forks are prone to collapse and the production of a single-sided 
double-stranded break (Rothstein et al., 2000). Cells must stabilize stalled forks 
preventing fork collapse or upon fork collapse be able to initiate fork restart to complete 
replication. Cells may need to stabilize stalled forks so forks do not undergo irreversible 
processing preventing fork restart or maintenance of checkpoint signaling. Tolerance 
pathways allow replication to be completed in the presence of damage. Essentially, 
tolerance pathways prevent replication from becoming a lethal endeavor for the cell. 
Tolerance may be due to post-replicative repair of DNA lesions, or the prevention of a 
checkpoint initiated response, allowing dilution of DNA damage upon cellular division to 
daughter cells and further proliferation. Various pathways, both error free and error 
prone, are invoked for tolerance of DNA damage during replication. Several error-free 
recombination pathways described in prokaryotes and eukaryotes allow cells to survive 
DNA damage during S phase (Michel et al., 2007; Li and Heyer, 2008; Chang and 
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Cimprich, 2009). In addition, replication may be completed using error-prone translesion 
DNA synthesis catalyzed by a number of translesion polymerases. 
We have shown that the ability to slow replication in response to MMS is not correlated 
with survival of acute exposure to MMS (Willis and Rhind, 2009). However, we propose 
that slowing of replication in response to damage is still a physiologically important and 
relevant phenomenon. Replication slowing may represent proper stalled fork response to 
DNA lesions only on a grand scale. Slowing may be a combination of stalled fork 
stabilization and error-free processing of the stalled fork intermediates preventing fork 
breakage, fork run off, or deleterious recombination pathways allowing unequal sister-
chromatid exchange. Survival is a measure of overall cell fitness in the presence of insult 
while replication slowing represents just one of several pathways contributing to overall 
fitness. Survival is presumably a summation of DNA damage tolerance during S-phase, 
checkpoint arrest of cell cycle transition allowing additional time for repair, and post-
replicative repair. For example, rhp51∆ mutants slow well but are extremely sensitive to 
damage. Rhp51 mediated recombination is instrumental in repair of DNA damage in G2. 
This sensitivity and sensitivity of a number of mutants important for repair in G2 
confounds any comparison of survival and slowing using high doses of MMS. Perhaps, 
only in response to much lower doses of MMS, we could observe a correlation between 
survival and the ability of various mutants to slow replication in response to exposure to 
high doses of MMS. 
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Replication slowing may be the cumulative result of tolerance pathways working to 
prevent excessive DNA damage in the presence of insult during S-phase.  A number of 
proteins required for tolerating replication fork arrest are also required to slow replication 
in response to MMS. These include the checkpoint kinase Cds1, endonuclease Mus81, 
helicase Rqh1, and members of the Smc5/6 cohesin recombination complex (Boddy et 
al., 2000; Kai and Wang, 2003b). Cds1 is known to prevent fork collapse upon HU arrest, 
Mus81 and Rqh1 negatively regulate recombination in response to HU arrest, and the 
Smc5/6 cohesin recombination complex is required for prevention of “checkpoint silent” 
recombination events from occurring upon HU arrest (Stewart et al., 1997; Boddy et al., 
2000; Doe et al., 2002; Morikawa et al., 2004; Kai et al., 2005; Miyabe et al., 2006). 
Cds1 is shown to phosphorylate both Mus81 and Rad60 in response to HU arrest (Boddy 
et al., 2003; Kai et al., 2005). Presumably this regulation prevents forks from undergoing 
aberrant events such as unscheduled nuclealytic cleavage or deleterious recombination 
events during the arrest.  In budding yeast, the checkpoint kinases Mec1 and Rad53 are 
required for resumption of replication after HU removal and for completion of replication 
after exposure to MMS during S-phase (Desany et al., 1998; Lopes et al., 2001). 
Checkpoint kinases serve an S-phase specific role since prevention of mitosis does not 
rescue S-phase associated lethailty (Tercero and Diffley, 2001; Tercero et al., 2003). 
Mutation of genes involved in checkpoint signaling, replication or recombinational 
control leads to increased incidence of genomic instability and chromosomal 
rearrangments or loss.  Collectively these phenotypes are refered to as gross 
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chromosomal rearrangements. Five classes of rearrangments are described in budding 
yeast; translocations, chromosomal fusions, isochromosomes, interstitial deletion, and de 
novo telomere addition (Myung and Kolodner, 2003; Motegi and Myung, 2007). Perhaps 
replication slowing allows cells to maintain genomic stability in the presence of DNA 
damage in S-phase. MMS does induce chromosomal rearrangements in yeast (Myung and 
Kolodner, 2003).  Mutation of recombinational repair genes does rescue to instability 
phenotype of several helicase and replication mutants in budding yeast (Motegi et al., 
2006) and the Smc5/6 complex and control of the Nse3 SUMO ligase activity are 
implicated in genomic stability (Motegi et al., 2006; Hwang et al., 2008).  The MRN 
complex is required for prevention of gross chromosomal rearrangements after DNA 
damage (Chen and Kolodner, 1999; Smith et al., 2005).  The S-phase checkpoints are 
required to prevent gross chromosomal rearrangements (Myung et al., 2001). Perhaps 
wild-type cells surviving replication in the presence of MMS are in much better shape 
than surviving mutants which fail to slow such as cds1∆ or sfr1∆.  
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Models for Slowing Replication in Response to DNA Damage 
We propose that replication forks normally travel quickly along undamaged template but 
upon encountering DNA damage forks slow down.  In this model, replication fork 
slowing is the summation of frequent, transient pausing and restart and not due to the 
polymerase itself slowing in its processivity.  Checkpoint regulation of replication fork 
response and replication-intermediate processing would determine if a fork slows in 
response to DNA damage or not. 
Multiple pathways may be responsible for replication fork progression in the presence of 
DNA damage. Pathways include template switching by either fork regression or sister-
chromatid exchange, use of translesion polymerases to substitute for replicative 
polymerases at bulky lesions, polymerase repriming downstream of DNA damage, fork 
breakage followed by break-induced replication, and repair followed by regressed fork 
reversal and fork restart (Figure 5.6). Quick replication of damaged template may be a 
consequence of removal or over-use of one or more of these pathways.  Several pathways 
presented involve processing of regressed forks.  Referred to as “chicken feet”, these 4-
branched structures are equivalent to recombination intermediates. Presumably regressed 
forks are subject to endo- or exonucleolytic cleavage and recombinational rearrangement 
allowing reconstitution of a three-branched fork-like structure for fork restart while also 
potentially allowing damage bypass. 
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Figure 5.6.  Replication Fork Processing Upon Stalling 
Upon encountering bulky DNA adducts, replication forks transiently stall.  Several 
pathways are invoked for resolving stalled forks. Translesion DNA synthesis through the 
damage may also allow quick replisome movement along damaged template (A). Rhp51 
could induce repriming downstream of the lesion (B) or sister-chromatid exchange (G) 
allowing quick replication fork resumption. Stalled forks may regress and be subject to a 
variety of processing events (F).  Forks engaged in sister-chromatid exchange may be 
cleaved by endonucleases and reconstitution of the replication fork by coordinated break 
induced replication allow restart (E).  DNA lesion repair at a stabilized stalled fork may 
simply allow resumption of replication (C).  Lateral migration of crossovers or regressed 
fork reversal may resolve those structures and allow for fork restart (H). Lastly, repair of 
the DNA lesion may cause fork breakage in which case break induced replication would 
be required to reconstitute the fork (D). 
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Figure 5.6.  Replication Fork Processing Upon Stalling 
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Slowing requires the regulation of the recombinase Rhp51. Uncontrolled Rhp51 activity 
allows for quick bypass of DNA lesions, preventing cells from acting appropriately to 
DNA damage, resulting in fast bulk replication. Several models are presented for how 
recombination could facilitate quick lesion bypass. In general, recombination between 
sister chromatids allows stalled polymerases access to the newly replicated sister 
chromatid to replicate past a bulky adduct before reassociating with parental DNA 
template.  Regressed fork polymerase extension on complementary DNA of the “middle 
toe,” followed by fork reversal and resumption would bypass the damage (Figure 5.6F).  
Forks may also undergo sister chromatid exchange and polymerase extension past the 
DNA lesion, again using complementary newly synthesized DNA (Figure 5.6G). In both 
scenarios replication intermediates shown are essentially the same structures, isomers of 
one another.  Resolution of these structures could involve additional strand exchange 
cross-over events or these structures may be resolved by branch migration (lateral 
migration of the crossover allowing reannealing of daughter DNA strands to parental 
strands) (Figure 5.6H). 
The checkpoint may promote slowing by preventing ssDNA exposure at stalled 
replication forks thus indirectly limiting and negatively regulating recombination (Figure 
5.7). Cds1 may limit ssDNA at stalled forks by inhibiting nuclease activity.  Exo1 
activity is responsible for the sensitivity of rad53 budding yeast checkpoint mutant to a 
variety of DNA damaging agents which stall forks (Cotta-Ramusino et al., 2005).  
Perhaps S-phase kinases prevent Exo1 activity, stabilizing stalled fork structures.  
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Figure 5.7.  Two Pathways are Required for Slowing in Fission Yeast 
 
 
Slowing in fission yeast relies on the activity of two parallel pathways. In response to 
MMS, forks stall and produce ssDNA. Single-stranded DNA activates Cds1 and also 
serves as a substrate for the Rhp51 recombinase.  Cds1 acts with Mus81 to cause forks to 
slow down when stalled at damaged template while Rhp51 allows for quick replication 
fork bypass of damage.  Regulators including Rqh1 limit or temper Rhp51-mediated 
recombination and prevent efficient fork bypass of damage thus slowing forks. Various 
exonucleases could promote or prevent ssDNA accumulation and indirectly prevent 
recombination. 
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Limiting the extent of fork regression may also negatively regulate recombination. Upon 
leading and lagging strand uncoupling, if the leading strand were stalled and lagging 
strand extended, fork regression may allow template switching and bypass of damage on 
the leading strand. Fork regression forms a 5’overhang.  Rad2 and the MRN complex 
both posses 5’-->3’ exonuclease activities which may serve to chew back these 5’-
overhangs (Lieber, 1997; Moreau et al., 2001).  Rad2 and the MRN complex may serve 
to prevent regressed fork mediated leading strand extension thus preventing lesion 
bypass.  In addition to exonuclease activity, helicases also limit or alter regressed fork 
metabolism.  Rqh1 may unwind regressed forks, reversing these forks and preventing 
aberrant recombination events at stalled polymerases. Many Rqh1 phenotypes may be 
rescued by abrogation of recombination, suggesting that recombination either drives 
over-production of the “chicken-foot” or acts on the “chicken-foot” promoting 
deleterious and toxic recombinational outcomes (Gangloff et al., 2000; Doe and Whitby, 
2004; Willis and Rhind, 2009). 
Two pathways appear required for slowing in fission yeast (Figure 5.7). In addition to 
negatively regulating Rhp51 activity at stalled forks, fork slowing also requires the 
presence of the Mus81-Eme1 endonuclease.  The Mus81 endonuclease is characterized to 
cleave 3- and 4-branched structures reminiscent of replication forks and various 
recombinational intermediates (Froget et al., 2008; Roseaulin et al., 2008).  Regressed 
forks and other sister-chromatid exchange intermediates may be substrates for 
endonuclease cleavage. This cleavage may be checkpoint-dependent and prevent 
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crossover migration allowing polymerase bypass of damage. Like cds1∆ mutants, the 
mus81∆ slowing phenotype is not suppressed by any mutation surveyed thus far. Perhaps 
Cds1 positively regulates Mus81 stimulating it to cleave replication intermediates and 
thereby prevent recombination bypass of DNA lesions (Boddy et al., 2000; Kai et al., 
2005).  mus81∆ mutant defects are not Rhp51-dependent suggesting that fork regression-
extension bypass cause quick replication in this mutant (Willis and Rhind, 2009).  This 
observation also suggests that fork regression is recombination-independent.  
The fate of the regressed fork “middle-toe” is vital for cell survival. Both Rqh1 and 
Mus81 are both required for slowing and the double mutant is synthetic lethal suggesting 
non-overlaping roles for these proteins in prevention of or processing replication 
intermediates at stalled forks in unperturbed S-phase and produced in response to DNA 
damage. Both Rqh1 and Mus81 may process regressed forks to eliminate the “middle-
toe”. While the Rqh1 helicase may unwind and reverse the regressed fork, Mus81 may 
simply cleave off the middle-toe of the regressed fork, effectively be the “middle-toe-
ase”. 
Rhp51-mediated recombination is not responsible for slowing defects in the cds1∆ 
checkpoint kinase mutant. The cds1∆ rhp51∆ double mutant still fails to slow in response 
to MMS.  However, strand exchange events may still be responsible for quick replication 
of damaged DNA in cds1∆ mutants.  rhp51∆ mutants are characterized to be hyper-
recombinant while rad22∆ mutants are not (Doe et al., 2004).  The majority of these 
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recombination events in the rhp51∆ mutant are toxic involving the loss of DNA.  Rad22 
can facilitate single-strand annealing suggesting that this form of strand exchange at 
stalled forks could promote the failure to slow. It is not known if cds1∆ rad22∆ mutants 
slow or not and attempts to make this double mutant have failed, suggesting it is synthetic 
lethal. Rad22-dependent recombination may be essential in the absence of the checkpoint 
for tolerance of spontaneous DNA damage during normal unperturbed replication. 
Also, recombination is possible in prokaryotes in the absence of the RecA recombinase. 
In the absence of various exonucleases, ssDNA accumulates and strand exchange events 
are observed with the frequency displayed by recA+ cells (Dutra et al., 2007).  In 
budding yeast, ssDNA accumulates in checkpoint mutants rather than exonuclease 
mutants. In budding yeast, uncontrolled Exo1 nuclease activity produces long stretches of 
ssDNA upon fork stalling in budding yeast checkpoint mutants (Cotta-Ramusino et al., 
2005). Perhaps in fission yeast cds1∆ mutants, without the checkpoint to restrain Exo1 
activity, extensive ssDNA accumulates and allows for strand exchange events at stalled 
forks.  This extensive ssDNA production would allow cds1∆ mutants to fail to slow due 
to template switching regardless of the presence or absence of the Rhp51 recombinase. 
Presumably, neither translesion synthesis (TLS) nor repriming represent pathways used 
often in fission yeast to promote efficient fork progression through damaged template. If 
these pathways were heavily used, either TLS polymerases or Rhp51 would be required 
for checkpoint mutants to fail to slow, but neither are (Willis and Rhind, 2009).  Perhaps 
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these pathways represent mechanisms employed by the cell in a last effort to finish 
replication and prevent cell death. 
Some insight into how the checkpoint regulates stalled fork metabolism comes from the 
Cds1 over expression studies.  Both the nbs1∆ and mus81∆ mutants failure to slow is not 
suppressed by over expression of Cds1 (Willis and Rhind, unpublished data). This 
suggests that the MRN complex and Mus81 act as direct targets of the checkpoint kinase 
cascade, preventing certain replication-dependent strand exchange events from occurring. 
Interestingly, mus81∆ and nbs1∆ mutants display altered recombination frequencies in 
response to DNA damage but not the hyper-recombinant phenotype of the rqh1∆ mutant. 
This suggests that Rqh1 may prevent a lot of recombination in the nbs1∆ and mus81∆ 
mutants, but these proteins cooperate with Rqh1 to properly process stalled replication 
fork intermediates. 
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Fission Yeast Rely Heavily on Fork Slowing to Reduce DNA Synthesis 
Despite the notion that all organisms utilize regulation of both origin and fork 
metabolism to slow replication in response to damage, we propose fission yeast primarily 
use fork regulation to slow replication.  Additionally, we propose fork slowing in fission 
yeast to be a locally driven response dependent upon density of DNA lesions rather than 
global checkpoint-dependent mechanism.  Several lines of evidence support these 
hypotheses. First, replication slowing requires checkpoint signaling but robust checkpoint 
signaling brought about by DNA damage, or induced by the over expression and damage-
independent activation of checkpoint kinases, is not sufficient for slowing.  Second, DNA 
damaging agents, which do not directly produce DSBs, prevent origin firing (N. 
Kommajusyla unpublished data) induce strong checkpoint signaling but do not slow 
replication.  Third, many mutants failing to slow replication in response to DNA damage 
are not implicated in origin regulation and recombination is required for the slowing 
defects displayed by most of these helicase and nuclease mutants.  Lastly, prevention of 
mid and late S-phase origin firing is not sufficient to induce slowing observed in response 
to DNA damage. 
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Wrap-up 
This project has pushed the field forward by uncovering a wide variety of mutants 
required for replication slowing in response to DNA damage and provided explanation 
for why only specific insults induce slowing.  Proteins discovered important for 
replication slowing act either downstream or parallel to the Rad3-Cds1 kinase cascade. 
Genetic data suggests several of these proteins act downstream of Cds1, and strongly 
suggests that deregulated recombination allows quick or efficient bypass of DNA lesions 
by replication forks allowing mutants to fail to slow. Slowing of replication is a highly 
complex process and not absolutely dependent on negative regulation of recombination. 
Lesion density is implicated as important for slowing since only damaging agents 
inducing tens of thousands of lesions cause a strong slowing phenotype in wild-type 
strains. Due to slowing dependence on lesion density and a wide variety of proteins 
involved in processing recombination-replication intermediates, we speculate that fission 
yeast slow primarily by a replication-fork dependent mechanism.  If true, fission yeast 
will be an excellent model organism for the study of replication fork metabolism and fork 
slowing in response to DNA damage. 
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